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The e!evated tzmpzrature tziisi ?e p r ~ p z r t l e s  of TC Nickel were 
measured after mechanical working and recrystallization treatments. 
ABSTRACT 
.._ . . 
Increases in strength were produced by cold swaging while upset for- 
ging or prior torsion lowered the .strength. 
cc'arse grain size increased strength over the fine grained cold 
worked bar stock. Activation energies, measured at 200OoF under 
tensile condltlons, ranged from 160 to 330 K-cal/mol for both fine 
grained cold worked or cmrse grained recrystal 1 ized structures. 
Recrystallization to a 
lntercrystalline cracking was the controlling mechanism for elevated 
temperature strength of recrystallized TD Nickel, Evidence for a 
similar mechanism in fine grained TD Nickel is discussed. 
The development of a recrystallization resistent structure in 
TO Nickel was shown to depend upon the deformation history. Compar- 
able percentages of cold deformation produced recrystallization 
temperatures ranging from 1250 to above 2400 F depending upon 
working operation and direction. 
after cold swaging reductions of 15 - 95% while the occurrence and 
extent of recrystallization after a given cold rolling reduction 
varied with the rolling direction. In some cases increasing amounts 
of deformation,. in addition to causing increased strain hardening, 
were effective in increasing the recrystal 1 ization temperature. 
0 0 
No recrystallization took.place 
Recrystal 1 ization resistance was accompanied by the develdprnent of . .  
relatively sharp crystallographic textures. 
.. 
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I NTRODUCT I ON 
T h e ' i n c o r p o r a t i o n  o f  a f i n e  hard p a r t i c l e  second phase i n  
a s i n g l e  phase m a t r i x  r e s u l t s  i n  an a l l o y  which i s  u s e f u l  t o  a 
much h ighe r  f r a c t i o n  o f  i t s  me l t i ng  p o i n t  than convent ional  a l l o y s .  
The inherent  h i g h  temperature s t a b i l i t y  o f  d i s p e r s i o n  hardened 
a l l o y s  o f  n i c k e l  and coba l t  i s  p resen t l y  o f  g rea t  commercial 
i n t e r e s t  i n  the  so-ca l led  1900' - 240OoF m a t e r i a l s  gap, t he  range 
above general super-a1 l o y  capabi 1 i t i e s  and below normal r e f r a c t o r y  
metal  a p p l i c a t i o n .  However, the technology of producing d i spe rs ion  
hardened a l l o y s  has ou ts t r i pped  an understanding o f  t h e  p r o p e r t i e s  
o f  these ma te r ia l s .  
The o b j e c t i v e s  o f  t h e  present  i n v e s t i g a t i o n  were t o  inves- 
. t i g a t e  the  mechanisms o f  s t rengthening and r e c r y s t a l l i z a t i o n  i n  a 
commercial d i s p e r s i o n  hardened mate r ia l .  Since these top i cs  were 
evaluated i n  two p a r a l l e l  s tud ies,  the  r e s u l t s  a r e  p re ien ted  i n  
two p a r t s .  The s t rengthening mechanisms a t  e levated temperatures 
w i l l  be discussed f i r s t  and t h e  r e c r y s t a l l i z a t i o n  behavior  p re-  




The pr imary advantage o f  d i spe rs ion  hardened a l l o y s  over  con- 
ven t iona l  m a t e r i a l s  i s  the  s t a b i l i t y  o f  h i g h  temperature s t rength.  
However,the mechanisms of s t rengthening i n  these ma te r ia l s  a r e  no t  
w e l l  es tab l i shed.  Al though theor ies  desc r ib ing  the  i n f l uence  o f  a 
hard p a r t i c l e  d ispersed phase on y i e l d  s t reng th  and f l o w  s t ress  
have been reviewed by severa l  authors (1,2,3,4),  most o f  these 
theo r ies  have t r e a t e d  i dea l i zed  cond i t i ons  o f  unworked s i n g l e  c rys-  
t a l s  a t  low temperatures. A t  present  t he re  i s  no agreement upon a 
s i n g l e  theory  a p p i i c a b l e  to y i e l d i n g  and f l o w  o f  commercial d i spe r -  
s i o n  hardened a l l o y s  which are c o l d  worked, p o l y c r y s t a l l i n e ,  and 
used a t  e leva ted  temperatures. I t  i s  g e n e r a l l y  acknowledged t h a t  
t be  e leva ted  temperature s t rength  o f  a d i spe rs ion  hardened a l l o y  . 
inc ludes c o n t r i b u t i o n s  f rom the presence of t he  dispersed p a r t i c l e s ,  
f rom the  development and r e t e n t i o n  o f  a p a r t i c  
worked s t ruc tu re .  TD Nicke l  prov ides an examp 
of  app ly ing  these general  concepts t o  s t reng th  
c i a 1  d i s p e r s i o n  hardened a l l o y .  
I,f TD N icke l  powder i s  warm extruded t o  
which s t rengthen the  matri 'x by a c t i n g  as d i s l o c a t i o n  ba ' r r ie rs ,  and' 
e - s t a b i l i z e d  as- 
e of the d i f f i c u l t y  
changes i n  a commer- 
a f u l l y  dense s t r u c -  
t u re ,  t he  e leva ted  temperature y i e l d  and t e n s i l e  s t rengths  a r e  
i n i t i a l l y  q u i t e  low, b u t  may be increased b y - a  f a c t o r  o f  th ree  o r  
f o u r  by c o l d  swaging (5). On t h i s  bas is ,  i t  would appear t h a t  o n l y  
p a r t i c l e  s t rengthening i s  a c t i v e  i n  the  as-extruded mate r ia l  w h i l e  
-3- 
a c o l d  work ing c o n t r i b u t i o n  i s  inc luded f o r  the  swaged bar.  How- 
ever, i f  the  swaged bar  i s  co ld  r o l l e d  and r e c r y s t a l l i z e d ,  the  
. . . .  
y i e l d  and t e n s i l e  s t rengths  are s t i l l  h igh.  Since the  y i e l d  
s t reng th  o f  a f u l l y  r e c r y s t a l l i z e d  s t r u c t u r e  should a l s o  be due 
o n l y  to  p a r t i c l e  strengthening, the  d i s l o c a t i o n  dens i t y  be ing 
apprec iab ly  reduced by  r e c r y s t a l l i z a t i o n  (6), i t  i s  no t  c l e a r  why 
t h e  as-extruded and r e c r y s t a l l i z e d  s t rengths  d i f f e r .  The behavior  . 
i s  no t  conf ined t o  the  TD Nickel  system,since s i m i l a r  increases i n  
e leva ted  temperature s t reng th  w i t h  r e c r y s t a l l i z a t i o n  o f  an as-extru- 
ded s t r u c t u r e  t o  a coarse g r a i n  s i z e  have been repor ted  i n  TD 
Nickel-Chromium, TD Nickel-Molybdenum (7 ) ,  and f o r  creep o f  SAP ( 8 ) .  
It a l s o  appears t h a t  the s t rengthen ing  o f  TD Nicke l  by swag- 
i n g  i s  no t  due t o  a s imple process such as s t r a i n  hardening the  
n i c k e l  ma t r i x .  Th i s  i s  i l l u s t r a t e d  by the  observa t ion  t h a t  t rans-  
verse  e leva ted  temperature y i e l d  and t e n s i l e  s t rengths  a r e  very  low 
i n  the swaged c o n d i t i o n  regardless o f  t h e  l o n g i t u d i n a l  s t reng th  
l e v e l .  
i s  t h a t  upset f o r g i n g  commercial TD Nicke l  bar  by 5C%, a c o l d  
work ing process, w i l l  reduce the e leva ted  temperature s t reng th  by 
h a l f  (5). No obvious de fec ts  i n  the  m ic ros t ruc tu re ,  such as seams 
or cracks,  were found t o  exp la in  these l o w  s t reng th  values. I t  
t h e r e f o r e  appears t h a t  w h i l e  co ld working opera t ions  may produce 
s t rong  as-worked ma te r ia l s ,  the s p e c i f i c  s t r u c t u r e  produced i s  
' 
Another argument against  a s imple s t r a i n  hardening v iewpo in t  
i n t i m a t e l y  r e l a t e d  t o  the  working process and d i r e c t i o n  r a t h e r  than 
to the  amount o f  deformat ion.  
-4- 
I 
I -  DESIGN OF THE STUDY 
The o b j e c t i v e s  of t he  study were t o  examine, q u a n t i t a t i v e l y ,  
I "  
the  e f f e c t  of mechanical working and r e c r y s t a l  1 i z a t i o n  on the e l e -  
vated temperature t e n s i l e  p roper t i es  o f  TD Nicke l  and t o  evaluate 
p o t e n t i a l  mechanisms a f f e c t i n g  these p roper t i es .  The mechanical 
working opera t ions  cons is ted  o f  swaging, upset fo rg ing ,  and to rs ion .  
Th is  combinat ion o f  deformat ion processes inc ludes e longat ion,  
compression, and t w i s t i n g  of  a metal  g r a i n  which a r e  the  bas i c  
1 -  
! 
modes of shape change. Mechanical working was the  o n l y  v a r i a b l e  
ope ra t i ng  du r ing  t h i s  p o r t i o n  o f  the  study s ince  no r e c r y s t a l l i z a -  
t i o n  cou ld  be indvced a f t e r  the working opera t ions  employed. The 
independent v a r i a b l e s  were t h e  amount o f  working and t h e  s t ress  
s t a t e  o f  t he  work ing opera t ion  w h i l e  the  dependent va r iab les  were 
t h e  2000°F t e n s i l e  p roper t i es .  
The r e c r y s t a l l i z e d  s t ruc tu res  were produced by anneal ing 
e i t h e r  an as-extruded o r  as-ex t ruded-p lus- ro l led  cond i t i on ,  
t h e  l a t t e r  c o n d i t i o n  producing a g rea te r  degree o f  r e c r y s t a l l i z a t i o n  
w i t h  
. The m a j o r i t y  o f  t h e  e f f o r t  was i n  eva lua t i ng  the  e f f e c t  o f  p r i o r  
work ing opera t ions  
t u r e  b u t  a few t e s t s  were performed a f t e r  subsequent working o f  
t he  r e c r y s t a l l i z e d  s t r u c t u r e .  
on the p roper t i es  o f  t he  r e c r y s t a l l i z e d  s t ruc -  
I n v e s t i g a t i o n  o f  the  mechanisms of y i e l d i n g  and f l o w  was 
p a r t i a l  1v phenomenological, through use o f  a -c t i va t i on  energy 
measurements, and p a r t i a l l y  phys ica l  w i t h  r e p l i c a  e l e c t r o n  micros- 
cop ic  observat ions o f  specimens s t r a i n e d  t o  the  y i e l d  p o i n t .  The 
-5- 
a c t i v a t i o n  energy measurements would i n d i c a t e  i f  t h e  r a t e  c o n t r o l -  
l i n g  mechanism du r ing  t e n s i l e  deformat ion changed w i t h  g r a i n  s ize .  
Such a change has been proposed (9) t o  exp!sin t he  d i f f e r e b c z s  i n  
creep of f i n e  (8,lO) and coarse ( 8 )  gra ined SAP and n i c k e l - t h o r i a  
a l l o y s  ( 1 1 ) .  Creep o f  coarse grained a l l o y s  i s  f e l t  t o  be  c o n t r o l -  
l e d  by c l imb  w i t h  an a c t i v a t i o n  energy equal t o  m a t r i x  s e l f  d i f f u -  
sion. Creep o f  f i n e  g ra ined  m a t e r i a l s  has been v a r i o u s l y  i n t e r -  
p r e t e d  as be ing  c o n t r o l l e d  b y  g r a i n  boundary d i s l o c a t i o n  genera- 
t i o n  ( 8 ) ,  or i n  TD Nicke l ,  g r a i n  boundary s l i d i n g  (12) w i t h  a c t i v a -  
t i o n  energies several  t imes the  va lue  fo r  m a t r i x  s e l f - d i f f u s i o n .  
D i r e c t  observat ions o f  the  s t r u c t u r a l  changes t h a t  occur  
w i t h  t e n s i l e  deformat ion were made b y  l i g h t  and r e p l i c a  e l e c t r o n  
microscopy. Specimens examined inc luded f r a c t u r e d  t e n s i l e  speci-  
mens and t e n s i l e  specimens s t r a i n e d  t o  var ious  p o i n t s  on t h e  s t r e s s  
s t r a i n  curve and then unloaded. A few observat ions were made on 
t h e  surfaces o f  r e c r y s t a l l i z e d  t e n s i l e  specimens s t r a i n e d  t o  the  
y i e l d  p o i n t  t o  observe i f  g r a i n  boundary s l i d i n g  was t a k i n g  place. 
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MATER I AL ._ . . 
. The two types o f  TD Nickel  se lec ted  f o r  t h e  study, as-extru-  
ded and commercial bar,  o r i g i n a t e d  from a s i n g l e  s in te red  b i l l e t  bu t  
were taken f r o m  d i f f e r e n t  stages o f  t he  manufactur ing process. 
N icke l  i s  made by the  chemical p roduc t ion  o f  a t h o r i a  conta in ing  
TD 
n i c k e l  powder, t he  compaction and s i n t e r i n g  o f  t h i s  powder i n t o  
b i l l e t s ,  and t h e  conso l i da t i on  o f  t h i s  b i l l e t  by warm ex t rus ion  (13). 
A f t e r  ex t rus ion ,  a l eng th  o f  the th ree- inch  diameter extruded' round 
was cu t  o f f  t o  serve as t h e  "as-extruded" ma te r ia l  f o r  t he  present  
study. The as-extruded cond i t ion ,  which i s  p resen t l y  not  used commer- 
. c i a l l y  because o f  low e levated temperature s t rength,  was employed 
as a re ference ma te r ia l  con ta in ing  a minimum amount o f  mechanical 
working. The mic ros t ruc ture ,  shown i n  F igure  1, cons is ted o f  elonga- 
t e d  g ra ins  about .2 microns by 4 microns i n  s ize.  
85 RG. 
The hardness was 
Changes i n  hardness and X-ray l i n e  breadth w i t h  anneal ing 
i n d i c a t e d  t h a t  the  ma te r ia l  was i n  a c o l d  worked cond i t ion .  
The balance o f  the  extruded m a t e r i a l  was c o l d  worked t o  
4 
commercial one inch  bar  s tock  by the  s u p p l i e r  us ing  a p r o p r i e t a r y  
work ing  schedule'"' and a f i n a l  s t ress  re1 i e f  anneal. 
t u r e  o f  t h i s  ma te r ia l ,  F igure  2, revealed t h a t  the g ra ins  had been 
cons iderab ly  elongated by the working process, the  g r a i n  s i z e  being 
1 micron by 15 microns. 
.*A- 
The mic ros t ruc-  
The hardness was 82 RG. The commercial bar  
9: 
The DuPont Company 
.L.G .. ,, 
D e t a i l s  no t  ava i l ab le .  
was 
-7- 
n a cold worked state since annealing above 200OoF resulted in 
I' a hardness drop without any observable change in the microstructure. 
-. -. ine chemical composition i s  iisteci in Table i .  . lhoria content was 
2.4% by weight which is approximately the same by volume. The 
average particle size of commercial TO Nickel bar has been reported 
a s  3708 (12). 
-8- 
EXPERIMENTAL PROCEDURE 
The working operat ions se lec ted  f o r  the  program were swaging, 
upset forg ing,and to rs ion .  Swaging samples o f  as-extruded ma.teria1 
were prepared b y  s l i t t i n g  a length  o f  t h e  e x t r u s i o n  i n t o  qua r te rs  
and machining the  quar te rs  t o  one inch  diameter. As-extruded and 
one inch  commercial bar  were then bo th  c o l d  swaged i n  passes o f  
15% t o  a t o t a l  reduc t ion  o f  95% i n  cross sec t i ona l  area w i t h  
leng ths  c u t  off  a t  in termediate reduct ions.  No i n te rmed ia te  s t ress  
r e l i e f  was employed and n e i t h e r  type  o f  bar  showed a tendency f o r  
c rack ing  du r ing  swaging. Tens i l e  specimens were sect ioned from 
quar te r ,  h a l f ,  o r e f u l l  c ross sec t ions  depending upon t h e  swaged 
d i amete r . 
Upset f o r g i n g  was performed on s lugs o f  one inch  diameter 
bar  s tock  w i t h  ends faced p a r a l l e l .  S t a r t i n g  lengths were ad jus ted  
t o  g i v e  a f i n a l  one inch he igh t  a f t e r  u p s e t t i n g  reduc t ions  o f  15, 
35, o r  50"/0. Upset f o r g i n g  was performed between f l a t  d ies  i n  a 1 
150 t o n  hydraul  i c  f o r g e  press. A graphi  te-grease l u b r i c a n t  was 
. coated on the  d ies  be fo re  fo rg ing .  Forg ing a t  e leva ted  temperatures 
employed h e a t i n g ' f o r  20 t o  30 minutes i n  a i r .  
ved on a l l  specimens b u t  was less pronounced a t  the  e leva ted  tem- 
pera ture .  A f t e r  f o rg ing ,  t h e  samples were s l i t  i n  h a l f  and a l o n g i -  
B a r r e l i n g  was obser- 
t u d i n a l  o r  t ransverse  t e n s i l e  specimen taken from each h a l f  as c l o s e  
t o  t h e  center  l i n e  o f  t he  bar  as poss ib le .  - 
Specimens deformed i n  t o r s i o n  had a gage sec t i on  o f  0.187' '  
diameter by 0.850" and were tw is ted  i n  a spec ia l  t o r s i o n  t e s t e r  
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cons t ruc ted  f rom a l a t h e  bed. Specimens were tw is ted  t o  p l a s t i c  
d e f l e c t i o n s  o f  120' t o  240' a t  room temperature. The s t r a i n  grad- 
i e n t  i n  s t!.r lsted Sa; I s  l i n e a r  aiiu ---I chs. shear s t r a i n  [ g  ) .  goes 
' f rom zero a t  t h e  center  t o  a maximum va lue  
A 240' t w i s t  corresponds t o  a 8 o f  0.52. 
r :  
Long i tud ina l  l i n e s  
a t  t he  surface. 
L 
sc r ibed  on t h e  specimen sur face  i nd i ca ted  t h a t  s t r a i n  was un i fo rm 
du r ing  t w i s t i n g  and un tw is t ing .  
0.173" diameter t o  insure  a x i a l i t y  and tes ted  i n  tens ion  a t  200OOF. 
Specimens were then machined t o  
R e c r y s t a l l i z a t i o n  heat  t reatments,  where employed, were per -  
formed on specimen blanks be fore  machining i n  a p la t i num wound 
tube furnace w i t h  the  temperature c o n t r o l l e d  t o  - 5 F w i t h  an atmos- 
phere o f  f l o w i n g  argon. 
+ o  
T e n s i l e  t e s t i n g  was performed i n  a i r  on a standard l n s t r o n  
T e n s i l e  Machine us ing  a constant crosshead speed. 
s i l e  s t rengths  a t  e leva ted  temperatures were determined f rom load- 
d e f l e c t i o n  curves recorded dur ing  the  tes t .  A t  room temperature, 
an 
al ignment f i x t u r e s  were employed. 
Y i e l d  and ten-  
* 
extensometer was used through t h e  y i e l d  p o i n t  and concen t r i c  
E longat ion measurements were 
made on an o p t i c a l  comparator and t h e  reduc t ion  i n  area determined 
by measuring t h e  diameter a f t e r  f r a c t u r e  a t  two p laces 90 apar t  
w i t h  po in ted  micrometers. A few p r o p o r t i o n a l  l i m i t  measurements 
were made a t  room temperature us ing  s t r a i n  gages. A l l  specimens 
were h e l d  a t  t e s t  temperatures 15 minutes p r i o r  t o  t e s t .  
0 
The tem- 
pe ra tu re  g'radient a long the  gage leng th  o f  t he  specimen was less  
Stress rup tu re  t e s t s  were performed i n  a i r  on a stand- than 5'F. 




f o u r  hours to  s t a b i l i z e  any temperature gradients .  
tu res  were cont ' ro l led  t o  - 7 F. 
Test  tempera- 
+ o  .. . . 
Room temperature t e s t s  were made w i t h  threaded specimens 
con ta in ing  a gage sec t i on  o f  0.160" diameter by 1.25". 
i t  was necessary t o  reduce the gage diameter to  0.113" to  avo id  




f a i l u r e  o f  t he  threads. Sub-size specimens having a gage sect  
of  0.080" diameter by 0.400 long were used t o  compare l o n g i t u d  
and t ransverse p r o p e r t i e s  or  i n  s i t u a t i o n s  where l i m i t e d  mater 
was ava i l ab le .  Specimen s i z e  i s  i nd i ca ted  i n  a l l  tab les.  
A c t i v a t i o n  energy measurements were made on as-extruded 8 
commercial bar,  and a r e c r y s t a l l i z e d  ma te r ia l .  The r e c r y s t a l l i z e d  
s t r u c t u r e  was produced by sec t i on ing  a s lab  1/2" t h i c k  by 3'' wide 
by  6" long f rom the as-extruded round and c o l d  r o l l i n g  i n  15% 
passes t o  47% reduc t ion  i n  th ickness w i t h  t he  r o l l i n g  d i r e c t i o n  
p a r a l l e l  t o  the  ex t rus ion  ax is .  The r o l l e d  p iece  was then heat 
t r e a t e d  one hour a t  2300°F i n  an atmosphere of argon and t e n s i l e  
specimens machined p a r a l l e l  t o  the r o l l i n g  d i r e c t i o n .  Long i tud ina l  
t e n s i l e  b lanks o f  t he  as-extruded mate r ia l  were c u t  f rom w i t h i n  one 
inch  o f  the  center  o f  t h e  sec t i on  and a l s o  heat t rea ted  one hour a t  
230OoF i n  argon. 
l i n e  of the  commercial bar  a f t e r  a 2300 F anneal. 
Tens i l e  specimens were machined from the center  
0 
The determinat ion  o f  a c t i v a t i o n  energy f o r  t e n s i l e  y i e l d i n g  
was performed by two d i f f e r e n t  t e s t  methods, .a convent ional  t e s t  
method and a d i f f e r e n t i a l  t e s t  method, bo th  o f  which a r e  descr ibed 
b y  Conrad (14). The a c t i v a t i o n  energy determined by bo th  methods i s  
- 1  1- 
def ined i n  the  general equation: 
# T A )  .._ . . i 3HC I 
& = A ( o ;  3163 c7 
I n  c a l c u l a t i n g  A H ,  i t  i s  necessary t o  assume t h a t  A i s  no t  a func- 
t i o n  o f  temperature. 
The "convent ional"  t e s t  method employs stsndard constant 
s t r a i n  r a t e  t e n s i l e  t e s t s  t o  measure y i e l d  and f l o w  s t ress  as a 
f u n c t i o n  o f  temperature. 
t h e  0.2"/0 o f f s e t  y i e l d  s t r e s s  , i s  then p l o t t e d  as a f u n c t i o n  of 
The s t ress  f o r  a g iven s t r a i n ,  such as 
temperature f o r  severa l  s t r a i n  rates.  The s t ress  a t  a very  low 
s t r a i n  i s  used i n  order  t h a t  the s t r u c t u r e  be e s s e n t i a l l y  unchanged 
f rom the  i n i t i a l  cond i t i on ,  thus p r o v i d i n g  a constant s value i n  
Equat ion (1) .  A t  a constant  s t ress  l eve l ,  t he  a c t i v a t i o n  energy i n  
Equat ion (1) may be w r i t t e n  as 
The a c t i v a t i o n  energy ca l cu la ted  by Equat ion (2) cou ld  conceivably  
va ry  w i t h  s t ress ,  b u t  repor ted a c t i v a t i o n  energies f o r  TD Nicke l  i n  
creep i n d i c a t e  no s t ress  dependence a t  e levated temperatures (1) .  
The d i f f e r e n t i a l  t e s t  method employs an abrupt  change i n  
s t r a i n  r a t e  du r ing  the  t e n s i l e  t e s t .  I f  the  change i s  e f f e c t e d  
r a p i d l y  enough, the  s t r u c t u r e  w i l l  remain constant  and the  measured 
change i n  s t ress  w i l l  be re la ted  t o  the deformat ion mechanism. The 
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An expression f o r  the  a c t i v a t i o n  energy s i m i l a r  t o  Equat ion 
. .  ( 3 ) ,  b u t  cor rec ted  f o r  t h e  change i n  shear modulus w i t h  temperature, 
where i s  the i n t e r n a l  s t ress  and G i s  the  shear modu us. Using 
shear modulus data o f  n i c k e l  from the l i t e r a t u r e  (15), and s u b s t i -  
t u t i n g  TaYs f o r  p~ , the  maximum c o r r e c t i o n  i s  about 20"/,. How- 
ever, s ince  the  y i e l d  s t r e s s  (corrected f o r  modulus v a r i a t i o n  w i t h  
temperature) versus temperature curve  d i d  n o t  l e v e l  o f f  t o  a cons- 
t a n t  value, the  thermal component i s  no t  n e g l i g i b l e  and t h e  subs t i -  
t u t i o n  o f  T&s f o r  @'G (16) i s  probably  no t  j u s t i f i e d ;  conse- 
quent ly ,  the f u l l  c o r r e c t i o n  does not  apply. For t h i s  reason, no 
c o r r e c t i o n  was used i n  t h i s  program. 
G 
To examine the  s t r u c t u r a l  changes occu r r i ng  as a f u n c t i o n  o f  
' t e n s i l e  s t r a i n ,  some t e n s i l e  t e s t s  were run t o  pre-determined p o i n t s  
on t h e  s t ress  s t r a i n  curve, the t e s t  stopped, the  specimen unloaded, 
removed f rom the t e s t i n g  furnace and cooled t o  room temperature. 
Several  r e c r y s t a l l i z e d  specimens were tes ted  i n  a s i m i l a r  way i n  a 
vacuum o f  1x10 t o r r .  P r io r  t o  t e s t ,  these r e c r y s t a l l i z e d  speci -  
mens were e lec t ropo l i shed  and c i r c u m f e r e n t i a l  scratches p laced on 
t h e  sur face  w i t h  meta l lograph ic  paper. 
-5 
. Meta l lograph ic  p repara t i on  f o r  examination by l i g h t  rnicros- 
copy employed standard meta l lograph ic  p o l i s h i n g  w i t h  a 1 : l  a c e t i c -  
n i t r i c  etch.  
p o l i s h e d  i n  a 1:7 s u l f u r i c  methanol s o l u t i o n  and chromium shadowed 
c o l l o d i o n  r e p l i c a s  prepared. 









... . . 
A.  Base L i n e  T e n s i l e  Proper t ies  
20OO0F 
The 200OoF tens i 1 e proper t ies ,  summarized i n  Table 2, show 
t h a t  t he  as-extruded mate r ia l  i s  weak i n  bo th  t e s t  d i r e c t i o n s  w i t h  a 
ve ry  s l i g h t  d i r e c t i o n a l i t y  apparent between the  longitudinal and 
t ransverse s t reng th  values. The commercial bar  i s  s t rong i n  the 
l o n g i t u d i n a l  d i r e c t i o n  and weak when tes ted  a t  45' o r  t ransverse to 
t h e  ba r  ax i s .  
b a r  ma te r ia l s  a re  accompanied by h i g h  values o f  measured d u c t i l i t y .  
Low s t reng th  values o f  bo th  as-extruded and commercial 
Load-extension curves fo r  the  200OoF t e s t s  o f  Table 2 a r e  
p l o t t e d  i n  F igu re  3. The long i tud ina l  t e s t  curve o f  the  commercial 
b a r  shows a ve'ry h i g h  y i e l d  s t rength  b u t  e x h i b i t s  l i t t l e  work har-  
dening. F rac tu re  occurred a t  a low va lue  o f  extension. The t rans-  
verse  t e s t  curves f o r  bo th  mater ia ls ,  and the  l o n g i t u d i n a l  as-ext ru-  
. ded curve, show y i e l d i n g  a t  very low loads w i t h  subsequent constant, 
load  ex tens ion  over  a very  wide range o f  t e n s i l e  s t ra ins .  
curves a r e  ve ry  s i m i l a r  i n  shape, d i f f e r i n g  o n l y  i n  t o t a l  e longat ion.  
The apparent lower modulus f o r  the  th ree  lower s t rength  t e s t s  i s  a 
rep roduc ib le  phenomenon a t  e levated temperatures. 
The th ree  
The h i g h  e longat ions represented by t h e  curves i n  F igure  3 
a r e  no t  t r u e  me'asures o f  d u c t i l i t y  because of the  incidence o f  i n t e r -  
n a l  crack ing.  The d i f f e rences  between t r u e  d u c t i l i t y  and.measured 
d u c t i l i t y  has been discussed i n  t h e  l i t e r a t u r e  (17). Meta l lograph ic  
examinat ion of the  specimens a f t e r  t e s t i n g  revealed an ex tens ive  
* .  
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room temperature s t r e n g t h  co r re la ted  w i t h  t h e  room temperature hard- 
ness. The o n l y  p roper t y  in f luenced by the d i r e c t i o n  o f  t e s t i n g  was 
1 -  
t he  reduc t ion  i n  area which was lower i n  the  t ransverse  d i r e c t i o n .  
Th is  i s  a normal r e l a t i o n s h i p  f o r  mechanica l ly  f i b e r e d  mater ia ls .  
S tab i  1 i t y  
0 One hour exposures to  temperatures up t o  2500 F had no meas- 
u r a b l e  e f f e c t  on t h e  200OoF t e n s i l e  p r o p e r t i e s  nor  d i d  a 2300'F 
anneal change the  200OoF t e n s i  l e  p r o p e r t i e s  o f  as-extruded mate r ia l .  
However, e leva ted  temperature anneal ing d i d  a f f e c t  the  room tempera- 
t u r e  hardness and s t reng th  of both ma te r ia l s ,  as i s  shown i n  Table 3. 
The changes a r e  genera l l y  t y p i c a l  o f  a convent ional  recovery process 
w i t h  a decrease i n  s t reng th  and an increase i n  d u c t i l i t y ,  p a r t i c u -  
l a r l y  t h e  e longat ion.  
t o r s  i n f l u e n c i n g  room temperature s t reng th  do no t  necessa r i l y  a f f e c t  
Once again i t  should be emphasized t h a t  fac -  
e 1 eya t ed temperature p roper  t i es . 
B. Mechanical Workinq 
Mechanical working operat ions were performed on bo th  as-ext ru-  
ded and commercial bar. 
a f t e r  t e s t i n g , i n d i c a t i n g  t h a t  r e c r y s t a l l i z a t i o n  had occurred n e i t h e r  
d u r i n g  warm work ing nor  du r ing  t e n s i l e  t e s t i n g  a t  2000 F. No cracks 
Both o f  these m a t e r i a l s  were f i n e  gra ined 
0 
or  imper fect ions were noted a f t e r  working t o  account f o r  the  p roper t y  
changes t o  be discussed. 
Swag i ng 
Tens i l e  p r o p e r t i e s  o f  as-extruded TD N i t k e l  c o l d  swaged 
va r ious  amounts and tes ted  a t  200OoF a r e  l i s t e d  i n  Table 4. Swaging 
has increased the  y i e l d  and t e n s i l e  s t rengths  by a fac to r ;  o f  4. The 
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degree o f  i n t e r n a l  crack ing,  F igure 4. The c rack ing  i s  a l s o  the 
source o f  the  l a r g e  reduc t ion  i n  area repor ted f o r  the  t ransverse 
t e s t  of commercial bar. The unusual f r a c t u r e  appearance o f  the t e s t  
#.. . . 
p ieces  i s  i l l u s t r a t e d  i n  F igu re  5. The cross s e c t i o n  of  the t e n s i l e  
f r a c t u r e  was e l l i p t i c a l  w i t h  the major a x i s  i n  the' f i b e r  d i r e c t i o n .  
V i r t u a l l y  no reduc t i on  had taken p lace  i n  t h e  f i h e r  d i r e c t i o n .  The 
e n t i r e  length  of t h e  t e n s i l e  specimen has t h i s  approximate dimension, 
and t h e  e f f e c t  i s  no t  conf ined t o  s t r a i n s  a f t e r  t h e  u l t i m a t e  load. 
The sur face  cracks i n  the  ox ide  l aye r  i l l u s t r a t e  t h a t  deformation has 
been l o c a l i z e d  t o  two s ides  o f  the specimen. 
The d i r e c t i o n  of t h e  i n t e r n a l  cracks found i n  f r a c t u r e  t e n s i l e  
specimens fo l lowed the d i r e c t i o n  o f  the  g r a i n  boundaries. F igure  6 
i l l u s t r a t e s  the  d i r e c t i o n  o f  crack ing encountered f o r  th ree  d i f f e r e n t  
t e s t  d i r e c t i o n s  o f  commercial bar. L i t t l e  c rack ing  i s  apparent f o r  
the l o n g i t u d i n a l  t e s t s  w h i l e  t h e  45' t e s t  and t ransverse  t e s t s  have 
. cracks a t  45 and 90' respec t ive ly .  Such c rack ing  has p rev ious l y  . 
been found i n  creep o f  TD N icke l  and the  cracks were repor ted t o  be 
i n t e r c r y s t a l  1 i n e  (12). 
0 
Room Tempera t u  re. 
The room temperature t e n s i l e  p r o p e r t i e s  o f  as-extruded and 
commercial bar  m a t e r i a l s  show very l i t t l e  d i r e c t i o n a l i t y  i n  s t reng th  
va lues.  In con' t rast  t o  the  e levated temperature s t rength,  the  room 
temperature s t reng th  i s  ve ry  s i m i l a r  f o r  the  two materials., w i t h  the  
as-extruded s t r e n g t h  being s l i g h t l y  h igher .  
made here, emphat ica l ly ,  t h a t  there was no r e l a t i o n s h i p  found between 
. .  
The point should be 
room temperature and e levated temperature s t rength .  I n  general ,  the 
I - 16- 
y i e l d  and t e n s i l e  s t rengths,  p l o t t e d  aga ins t  t r u e  s t r a i n  du r ing  
swaging i n  F igu re  7, show a l i n e a r  s t reng th  incresse up to  a swaging 
reduc t i on  of SOX,  a t r u e  s t r a i n  of 2.2. Fur ther  d e f o r m t i e n  d m s  
n o t  apprec iab ly  add t o  the  strength.  
I. f . 
Th is  behavior  i s  t y p i c a l  o f  a 
s t r a i n .  hardened mate r ia l  i n  tha t  lower reductions. p rov ide  a much 
g r e a t e r  s t reng th  increment. A swaging reduc t ion  o f  a t  l e a s t  90% i s  
requ i red  t o  r a i s e  t h e  s t reng th  o f  as-extruded mate r ia l  t o  the l e v e l  
o f  commercial bar.  As t he  s t rength  l e v e l  i s  increased, the  corres-  
ponding d u c t i l i t y  values show a steady decrease. 
abrupt  lower ing o f  d u c t i l i t y  a t  26% reduc t i on  i s  no t  known a l though 
the  data were obta ined i n  dupl icate.  
The reason f o r  the  
T e n s i l e  p r o p e r t i e s  o f  commercial TD Nicke l  bar  g iven  var ious  
swaging t reatments a r e  l i s t e d  i n  Table 5. A st rengthening increase 
o f  approximately 25% i s  produced wi th  a s l i g h t  decrease i n  d u c t i l i t y .  
As w i t h  t he  h igher  reduc t i on  o f  the as-extruded mate r ia l ,  t he  
s t r e n g t h  increment l e v e l s  o f f  a t  h igh  reduct ions.  
c Upset Forg i ng The l o n g i t u d i n a l  and transverse 2000°F s t reng th  p roper t i es  
a f t e r  upset f o r g i n g  a re  summarized i n  F igu re  8 and l i s t e d  i n  Table 6. 
Upset working reduces t h e  l ong i tud ina l  y i e l d  and t e n s i l e  s t rengths,  
b u t  does no t  i n f l uence  t h e  transverse s t rength.  Un l ike  the  change 
i n  as-swaged s t rength ,  the decrease i n  s t reng th  w i t h  t r u e  upse t t i ng  
s t r a i n  does no t  f o l l o w  a l i n e a r  p l o t .  By 50% reduct ion,  the  l o n g i -  
t u d i n a l  and t ransverse  s t rengths have reached- the same low value. 
Whi le  some s c a t t e r  ex i s t s ,  the measured d u c t i l i t y  i n  the  l o n g i t u -  
d i n a l  d i r e c t i o n  increases as the  s t reng th  decreases. The measured 




t ransverse  d u c t i l i t y  remains h igh  regard less of t h e  amount o f  upset. 
Again, the  measured d u c t i l i t y  inc ludes a considerable c o n t r i b u t i o n  
f rom i n t e r n a l  cracking. Forging temperatures ranging from room tem- 
pe ra tu re  t o  200OoF d i d  not  a f f e c t  the  t e n s i l e  p r o p e r t i e s  a t  a 50"/0 
reduc t ion .  The room temperature hardness a f t e r  a 50"/0 upset a t  room 
temperature increased 25 R G 
d i d  occur w i t h  deformation. 
p o i n t s  i n d i c a t i n g  t h a t  s t r a i n  hardening 
The load-extens ion curves f rom 200OoF l o n g i t u d i n a l  t e n s i l e  
t e s t s  a f t e r  a number of room temperature u p s e t t i n g  reduc t ions  a re  
shown i n  F igu re  9. Increased reduc t i on  has lowered t h e  y i e l d  and 
t e n s i l e  s t rengths  bu t  increased the  e longat ion  apprec iab ly .  A f t e r  
f o r g i n g  reduc t i on  o f  50% the  t e n s i l e  curve i s  v i r t u a l l y  i n d i s t i n -  
gu ishab le  f rom the  as-extruded mate r ia l .  An apparent lower ing o f  
t h e  modulus i s  a l s o  found w i t h  inc reas ing  reduct ion.  
. The i n t e r n a l  c rack ing  present  a f t e r  a 200OoF l o n g i t u d i n a l  ' 
t e n s i l e  t e s t  i n  a sample upset 50% a t  room temperature i s  i l l u s t r a -  
t e d  i n  F igure  10. The cracks a r e  normal t o  t h e  a p p l i e d  s t ress ,  
i n d i c a t i n g  t h a t  some g r a i n  boundaries e x i s t  t ransverse  t o  the  o r i g i -  
n a l  ba r  ax i s ,  fo r  example compsre t o  F igure  6. The u p s e t t i n g  opera- 
t i o n  has e v i d e n t l y  in t roduced some buck l i ng  o f  t h e  gra ins.  
Tors  i o n  
The i n f l u e n c e  o f  t o r s i o n a l  p r e s t r a i n  on the  2000°F t e n s i l e  
p r o p e r t i e s  of  commercial TD Nickel  bar  i s  i l l u s t r a t e d  i n  Table 7. - 
Specimens were t w i s t e d  a t  room temperature and- tes ted  i n  tens ion  a t  
200OOF. The t e n s i l e  t e s t  r e s u l t s  show t h a t  r e l a t i v e l y  small t o r s i o n a l  











measured ductility was not affected.. I f  a specimen was twisted and 
# . _  . . 
then untwisted, the torsional prestrain affected neither the duc- 
ti lity nor the strength. Restoration of strength after untwisting 
indicates that some reversible feature of the twisted geometry has 
reduced'strength. 
perature testing of steel (18) and nickel (19). The results for 
Similar results have been repor.ted for room tem- 
steel have been explained in terms of the alignment of segregation 
cavities or various impurity phases. For pure nickel it was neces- 
sary to postulate the presence of longitudinal micro cracks. 
of the explanations is plausible for TD Nickel since neither gross 
impurities nor pre-existing cracks are reported for this material. 
The most probable mechanism in TD Nickel is the failure of grain 
boundaries inclined to the axis of applied stress. 
C. Recrystal 1 ization 
Neither 
A l l  recrystallized specimens were prepared from an as- 
. extruded starting condition, either by working plus annealing or by 
annealing alone. In both instances the recrystallized grain size is 
about .OS to . 1  mm by 1 mm,contrasted to the 1-2 micron by 4-15 mic- 
ron of the as-extruded or commercial bar materials. The recrystallized 
grains were always elongated in the direction o f  maximum prior work, 
generally the extrusion or bar direction, although cross working 
did decrease ;heir longitudinal dimension. A typical recrystal- 
lized structure is shown in Figure 11. 
Recrystallized by Annealing Alone. 
Samples of as-extruded material 'riere recrystallized by 
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annealing one hour a t  2500°F i n  an atmosphere of f low ing  argon. 
t reatment 'has the  disadvantage t h a t  t h o r i a  may have coarsened dur ing  
anneal i ng  above 2450°F (20). 
50-70"/0 r e c r y s t a l l i z e d  w i t h  an elongated bu t  coarse g r a i n  shape. 
l o n g i t u d i n a l  t e n s i l e  p roper t i es  o f  t he  r e c r y s t a l l i z e d  s t ruc tu re ,Tab le  8, 
compared t o  t h e  c o l d  worked as-extruded c o n d i t i o n  i n  Table 2, show 
a sharp increase i n  the  y i e l d  and t e n s i i e  s t rengths.  The reduc t ion  
i n  area remains h i g h  w h i l e  t h e  e longat ion  i s  reduced. 
Th is  
The r e s u l t a n t  m ic ros t ruc tu re  was 
The 
Tes t ing  a t  45' 
0 or t ransverse to  t h e  o r i g i n a l  ex t rus ion  a x i s  (which i s  a l s o  45 or 
t ransverse t o  t h e  length  dimension o f  t he  r e c r y s t a l  1 i zed  gra ins)  
reduces t h e  s t reng th  t o  much the same degree as the  f i n e  grained 
commercial bar. The d u c t i l i t y  values are  a l l  much reduced i n  the  
t ransverse d i r e c t i o n .  
R e c r y s t a l l i z e d  by r o l l i n g  p l u s  annealing. 
R o l l i n g  deformation o f  TD Nickel  i s  p a r t i c u l a r l y . e f f e c t i v e  
i n  producing a r e c r y s t a l l i z e d  s t r u c t u r e  upon subsequent annealing. 
A l a r g e r  degree of r e c r y s t a l l i z a t i o n  may be produced and lower annea- 
l i n g  temperatures may be employed,thus e l i m i n a t i n g  the  p o s s i b i l i t y  
o f  t h o r i a  coarsening. The s t r u c t u r e  produced by r o l l i n g  a s lab t o  
a reduc t i on  o f  51% p a r a l l e l  t o  the  ex t rus ion  a x i s  i s  loo"/, r e c r y s t a l -  
l i z e d .  The t e n s i l e  p r o p e r t i e s  of t h i s  s t r u c t u r e  a r e  l i s t e d  i n  
Tab le  8 .  
merc ia l  c o l d  worked bar  stock. The r e c r y s t a l l i z e d  specimen has a 
l a r g e  reduc t ion  i n  area bu t  on l y  moderate e longat ion.  I n t e r c r y s t a l -  
l i n e  f r a c t u r e s  were noted i n  a l l  t e s t s  of r e c r y s t a l l i z e d  mater ia l .  
On t e s t i n g  a t  an angle t o  t h e  gra ins o r  across the  gra ins,  t he  












strength is still high but the ductility is nil. Load-deflection 
curves'of longitudinal and transverse tests, compared in Figure 12, 
show that the transverse test pieces fail in a brittle manner. 
The superiority of the recrystal 1 ized structure in 200OoF 
tensile strength is also maintained in elevated tgmperature stress 
rupture behavior. Stress rupture life as a function of applied 
stress is plotted in Figure 13 for recrystallized and commercial bar 
materials at 195OOF. The recrystallized material has a 100 hour 
rupture stress of 16,000 psi compared to a 12,000 psi stress for 
commerc i a 1 bar. 
Effect of Rolling Direction 
ckel are sens 
prior roll i ng 
Since the properties of TD N 
direction of  working, the influence of 
tive to the 
direction on 
recrystallized strength was established. As-extruded slabs were 
rolled to a reduction of 50"/0 with the rolling direction either longi- 
tudinal, transverse, or alternately longitudinal and transverse to 
the extrusion axis. The tensile properties of these materials, 
tested in the extrusion direction, are shown in Table 8 after a re- 
crystallization treatment of one hour at 2400'F. 
longitudinal direction has produced the highest strength, with 
rolling alternately longitudinal and transverse being almost the 
same. Rolling'in the transverse direction appreciably lowers the 
strength. The reduction in area drops off in the same order. The 
two recrystallized structures are shown in Figure 14. The strength 
changes correlate with the degree of fibering of the recrysta!lized 















gra ins.  
E f f e c t  o f  Cold Work on Recrysta l  1 i zed  Strength.  
. .  
The e f f e c t  o f  a 50% cold swaging reduc t ion  upon the  
s t reng th  o f  a r e c r y s t a l l i z e d  s t r u c t u r e  i s  shown i n  Table 9. There 
i s  l i t t l e  i f  any increase i n  s t reng th  a l though t h e  change i n  speci -  
men s i z e  s l i g h t l y  compl icates the comparison. The d i f f e r e n c e s  i n  
e longa t ion  may be eypla ined b y  the  d i f f e r e n t  gage sec t ions  r a t h e r  . 
than d i f f e r e n c e s  i n  ma te r ia l  p roper t ies .  
D. A c t i v a t i o n  Enerqy 
The temperature dependence of a c t i v a t i o n  energy was de ter -  
mined f o r  commercial TD N icke l  bar us ing  the  convent ional  t e s t  
method. 
s tudy  and were taken f rom another heat of mate r ia l .  
c u l a r  specimens a r e  the  o n l y  ma te r ia l  used i n  the  present  s tudy which 
The t e n s i l e  specimens used had been machined f o r  a p r i o r  
These p a r t i -  
' d i d  no t  o r i g i n a t e  f rom the  s i n g l e  b i l l e t  descr ibed i n  the  MATERIALS 
sec t ion .  
average p a r t i c l e  s i z e  apprec iab ly  l a r g e r  than the  present  ma te r ia l .  
T e n s i l e  t e s t s  were run  a t  temperatures ranging f rom ambient t o  
200OoF a t  s t r a i n  r a t e s  o f  S X ~ O - ~  and 5 ~ 1 0 - ~  min 
Th is  p r i o r  heat had an ana lys i s  o f  2.3% t h o r i a  w i t h  an 
* .  
- 1  us ing  a specimen 
gage s e c t i o n  0.080" d ia .  x 0.400" length. 
A c t i v a t i o n  energies,  ca l cu la ted  from p l o t s  o f  y i e l d  
s t r e n g t h  versus temperature, were determined a t  var ious  constant  
s t r e s s  l eve l s .  The r e s u l t a n t  a c t i v a t i o n  energies a r e  p l o t t e d  aga ins t  
homologous temperature i n  F igure 15. A t  low and in te rmed ia te  tem- 
peratures,  a c t i v a t i o n  energ ies are  a l l  less than t h e  6 i -67 K-cal/mo?e 






values repor ted  f o r  s e l f  d i f f u s i o n  of pure n i c k e l .  Th is  i s  cons is-  
” t e n t  w i t h  a process such a’s cross s l i p  c o n t r o l l i n g  y i e l d i n g .  The 
a c t i v a t i o n  energy increases above about 0.65 o f  t he  m e l t i n g . p o i n t ,  
reaching a va lue  tw ice  the  a c t i v a t i o n  energy f o r  s e l f  d i f f u s i o n  a t  
0.8 o f  the  m e l t i n g  p o i n t ,  (20OOOF). 
a l l o y s  p l o t t e d  i n  t h e  same f i g u r e  f o l l o w  a s i m i l a r  t rend. 
increase i n  the  a c t i v a t i o n  energy a t  e levated temperatures has a l s o  
been repor ted  f o r  commercial TD Nicke l  bar  i n  creep w i t h  a crossover 
p o i n t  between h i g h  and low temperatures a c t i v a t i o n  energies o f  
about 1/2 o f  t he  m e l t i n g  p o i n t  (12). There i s  no genera l l y  accepted 
exp lana t ion  o f  t h e  very  high a c t i v a t i o n  energies a t  e leva ted  tem- 
A c t i v a t i o n  energies f o r  two SAP 
An 
peratures.  
The p r e c i s i o n  of the  a c t i v a t i o n  energies repor ted  i n  F ig -  
u r e  15 i s  not p a r t i c u l a r l y  good a t  e levated temperatures s ince  o n l y  
. t w o  s t r a i n  ra tes  were used and a l i m i t e d  number o f  specimens were 
a v a i l a b l e .  The smal l  gage sec t i on  is another problem i n  accura te  
de terminat ion  o f  y i e l d  s t reng th  f rom a l oad -de f lec t i on  curve. There 
a r e  a l s o  p o s s i b l e  e r r o r s  i n  us ing the  c a l c u l a t i o n  o f  Equat ion 2 over  
a wide temperature range. The i n t e r n a l  s t r e s s  f i e l d  may be 
l a r g e r  a t  lower temperatures and the  a c t i v a t i o n  energy may be s t ress  
dependent. However, even w i th  these l i m i t a t i o n s  i n  mind, i t  i s  
o b v i o u s . t h a t  d i f f e r e n t  a c t i v a t i o n  mechanisms a r e  opera t i ve  a t  low 
and h igh  temperatures. I t  i s  a lso  apparent t h a t  s i m i l a r i t i e s  e x i s t  
between the  mechanisms opera t ive  i n  t e n s i l e  deformat ion o f  TD N icke l  
and SAP a l l o y s .  
-23- 
A c t i v a t i o n  Energy as a Funct ion of S t r u c t u r e  
The a c t i v a t i o n  energy f o r  t h ree  d i f f e r e n t  s t r u c t u r a l  
0 cond i t i ons  o f  TD Nicke l  was determined near 2000 F us ing  bo th  the  
convent ional  and the  d i f f e r e n t i a l  t e s t  methods. M a t e r i a l s  tes ' ted 
were as-extruded + 1 hr/2300°F, commercial bar  + 1 hr/2300°F, and 
a r e c r y s t a l l i z e d  s t r u c t u r e  produced by a 47% l o n g i t u d i n a l  r o l l i n g  
reduc t i on  o f  as-extruded mate r ia l  + 1 hr/2300°F. The 230OoF anneal 
was g iven t o  a l l  m a t e r i a l s  i n  order  t o  p rov ide  a common thermal 
h i s t o r y  f o r  bo th  r e c r y s t a l l i z e d  and u n r e c r y s t a l l i z e d  ma te r ia l s .  A l l  
specimens were taken i n  the  ' long i tud ina l  d i r e c t i o n .  
The r e s u l t s  of t e n s i l e  t e s t i n g  a r e  l i s t e d  i n  Table 10 and 
t h e  y i e l d  and t e n s i l e  s t rengths p l o t t e d  aga ins t  t e s t  temperature i n  
F igures  16, 17 and 18. The data a r e  cons is ten t  and p l o t  as p a r a l -  
l e l  l i n e s  i n  most cases. Ca lcu la t ions  o f  a c t i v a t i o n  energy made 
from Figures 16, 17, and 18 are  l i s t e d  i n  Table 1 1  under the conven- 
t i o n a i  t e s t  method heading. The a c t i v a t i o n  energies f=r the  f i n e  
gra ined ma te r ia l s ,  based on the s t r a i n  a t  0.2% o f f s e t ,  a r e  193 K- 
cal/mol f o r  t he  extruded mate r ia l  and 220 K-cal/mol f o r  the  commer- 
c i a l  bar.  These.values a r e  i n  f a i r l y  good agreement w i t h  one 
another.  The r e c y r s t a l l i z e d  ma te r ia l  has a h igher  a c t i v a t i o n  energy 
of  330 K-cal/mol. 
A c t i v a t i o n  energies determined by the  d i f f e r e n t i a l  method 
a r e  a l s o  l i s t e d  i n  Table 11. Each va lue  l i s t e d  i n  Table 1 1  i s  t he  
average o f  two t e s t s ,  one between 1 . 6 ~ 1 0 - ~  t o ' 1 . 6 ~ 1 0 - ~  rnin-' s t r a i n  
r a t e  and a second a t  1.6x10-* t o  1 .6~10-1  min - 1  s t r a i n  ra tes .  No 
















strain rates was noted. 
The activation energy for self diffusion of nickel is given 
as 61-67 K-cal/mol. The data in Table 1 1  even with the degree of 
scatter between test methods, are all two and a half to five times 
this value, indicating that the rate controlling process for defor- 
mation does not involve self diffusion. 
E. Structural Observations 
Light Microscopy 
Tensile specimens of recrystallized TD Nickel that had been 
strained various amounts at 200OoF were examined by optical micros- 
copy. The recrystallized structure was produced by rolling as- 
extruded material 51% in the longitudinal direction and annealing 
one hour at 24OOOF. 
showed no internal cracking or fissures at strains of 0.2 to 0.6% 
. offset although some grain boundary cracking was found in fractured 
specimens. Specimens which were tested at 60 to the rolling direc- 
tion showed grain boundary cracking at the 0.2% yield strain, Fig- 
ure 19. Specimens tested transverse to the rolling direction failed 
before the yield strain was reached, approximately 0.1% offset. 
These specimens also showed cracking in the gage section away from 
the fracture, Figure 19. 
low strains for all specimens which contained grain boundaries at an 
angle to the applied stress. 
Specimens strained in the rolling direction 
0 
' 
Grain boundary cracking was found at very 
Specimens of as-extruded material which had been tensile 
0 tested at 2000 F at various strain rates were also examined by light 
microscopy. The generalized cracking found after testing, Figure 4, 
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was found to decrease with increasing strain rates. Specimens 
' tested at .002 crosshead speed had extensive cracking throughout 
the gage section, at .02 crosshead speed there was less and at . 2  
crosshead speed almost none. 
wi th  strain rate, Table 10. These observations are consistent with 
the presence of grain boundary sliding leading to intercrystalline 
cracking, a process facilitated by low strain rates. 
i 
I The reduction in area increased sharply 
I I 
Observations of the electropolished surface of recrystal- 
1 ized specimens strained to the . 2 Y S  at 2000°F were made to ascer- 
tain if grain boundary s iding was operative. Up to the .2YS there 
were only isolated displacements o f  the reference scratches for 




0 oriented 60 to the rolling direction showed many instances of sli- 
atva.ri,ous points. An example is illustrated in Figure 20. For 
mens strained to .4% YS isolated sliding was observed for the 
tudinal orientation but not nearly as much as the 60' orien- 
:. 








D I S C U S S I O N  
.. . . 
The s t reng th  o f  a d ispers ion  hardened a l l o y  i s  usua l l y  d i s -  
cussed i n  terms o f  i n d i v i d u a l  con t r i bu t i ons  from the p a r t i c l e s  and 
t h e  as-worked s t ruc tu re .  There i s  a general f e e l i n g  t h a t  t he  as- 
worked 's t ruc tu re  p o r t i o n  i s  due t o  the  e f f e c t s  of.what i s  c a l l e d  
"cold work". A c@mmn exp1mation for  the  s t reng th  o f  d ispers ion  
hardened a l l o y s  i s  t h a t  a la rge  amount o f  "cold work" o r  "stored 
energy" i s  b u i l t  up i n  these mater ia ls .  
t r a t e d  t h a t  t h e  term "cold work" i s  t oo  nebulous t o  exp la in  the  
The present data have i l l u s -  
e f f e c t s  o f  mechanical working on s t rength.  
t h a t  room temperature and elevated temperature s t rengths a re  i n f l u -  
I t has been c l e a r l y  shown 
enced by d i f f e r e n t  var iab les.  As-extruded and commercial bar have 
s i m i l a r  s t reagths a t  room temperature b u t  d i f f e r  w ide ly  a t  e levated 
temperatures. Comcercial bar  and r e c r y s t a l l i z e d  ma te r ia l s  have d i f -  
f e r e n t  room temperature s t rengths bu t  a r e  r e l a t i v e l y  c lose  i n  e le -  
. vated temperature strength. The a c t i v a t i o n  energies and f r a c t u r e  . 
c h a r a c t e r i s t i c s  a re  a l so  d i f f e r e n t  a t  h i g h  and low temperatures. The 
present  data suggest t h a t  o n l y  room temperature p roper t i es  a re  
in f luenced by c o l d  working o r  s t r a i n  hardening. The s t rength  fo l l ows  
t h e  room temperature hardness and, presumably, t h e  d i s l o c a t i o n  den- 
s i t y  o f  t h e  var ious  mater ia ls .  
s t reng th  does no t  c o r r e l a t e  w i t h  the  amount o f  deformation. 
However,the e levated temperature 
The changes i n  elevated temperature s t rength  o f  TD Nickel  
w i t h  mechanical working and r e c r y s t a l l i z a t i o n  may be understood by 
cons ider ing  t h e  r o l e  of g r a i n  boundaries dur ing  deformation. The 
. .  
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proposed source of low s t rength  i n  var ious  TD Nicke l  s t r u c t u r e s  i s  
t he  premature f a i l u r e  o f  gra 
t o  the  s t ress  ax is .  It then 
g r a i n  boundaries p a r a l l e l  t o  
suppor t ing t h i s  v iewpo in t  w i  
n boundaries i n c l i n e d  a t  some angle 
fol!ows t h a t  s t r u c t u r e s  which con ta in  
the app l i ed  s t ress  a r e  strong. Data 
1 be presented f o r  t he  f u l l y  recrys-  
t a l l i z e d  m a t e r i a l  and comparison made w i t h  r e s u l t s  o f  n icke l -base 
supera l loys  which have been d i r e c t i o n a l l y  s o l i d i f i e d  t o  a columnar 
g r a i n  s t ruc tu re .  
g ra ined as-extruded and commercial bar  m a t e r i a l  t o  be c o n t r o l l e d  by 
g r a i n  boundaries w i l l  be presented next and, f i n a l l y ,  the mechanism 
o f  g r a i n  boundary f a i l u r e  w i l l  be b r i e f l y  discussed. 
Evidence f o r  cons ider ing  the  s t reng th  o f  f i n e  
I t  i s  known t h a t  the  d i r e c t i o n a l  s o l i d i f i c a t i o n  of  a nominal- 
l y  b r i t t l e  N i - C r - A 1  a l l o y  r e s u l t s  i n  increased rup tu re  l i f e  and 
d u c t i l i t y  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  (21). Tes t i ng  the  columnar 
s t r u c t u r e  a t  var ious  angles from the  l o n g i t u d i n a l  d i r e c t i o n  reduced 
bo th  rup tu re  l i f e  and d u c t i l i t y .  The f r a c t u r e  was i n t e r g r a n u l a r  
and t h e  f r a c t u r e  sur face  fo l l cwed  the  g r a i n  d i r e c t i o n  i n  a l l  cases. 
The reason f o r  the  increased rup ture  l i f e  i s  t h a t  r u p t u r e  i s  con- 
t r o l l e d  by i n t e r c r y s t a l l i n e  f r a c t u r e  which, a t  e leva ted  temperatures, 
i s  i n i t i a t e d  a t  g r a i n  boundaries. The o r i e n t a t i o n  o f  t he  g r a i n  
boundaries o u t  o f  p a r a l l e l  t o  t h e  d i r e c t i o n  o f  t h e  app l i ed  s t ress  
'caused e a r l y  f a i l u r e  du r ing  the t e s t  and reduced l i f e .  I t  i s  f o r  
t h i s  reason t h a t  a coarse g r a i n  s i z e  w i th  few t ransverse  boundaries 
i s  p r e f e r r e d  i n  n i c k e l  base superal loys.  S i m i l a r  increases i n  
s t reng th  and d u c t i l i t y  w i t h  d i r e c t i o n a l  s o l i d i f i c a t i o n  have been 
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produced i n  o the r  n i c k e l  base superal loys,  i n c l u d i n g  Elar-M200, 
B-1900, IN-100 and TRW 1900 (22). 
The g r a i n  shape o f  r e c r y s t a i i i z e d  Til Nicke l  produced by 
r o l l i n g  and anneal ing i s  analogous t o  t h e  g r a i n  shape o f  u n i d i r e c -  
t i o n a l i t y  s o l i d i f i e d  n i c k e l  base supera l loys.  The TO Nicke l  s t ruc -  
t u r e  has a coarse t ransverse  g r a i n  dimension and an apprec iab le 
l eng th  dimension, the  w i d t h  to  length  r a t i o  be ing approximately 
1:20. The m a j o r i t y  o f  t h e  g r a i n  boundaries a r e  a l i gned  i n  the  
l o n g i t u d i n a l  d i r e c t i o n .  As w i t h  t he  columnar supera l loy,  the  
s t r e n g t h  and d u c t i l i t y  o f  r e c r y s t a l l i z e d  TD Nicke l  a r e  a maximum i n  
t h e  l o n g i t u d i n a l  d i r e c t i o n .  The f r a c t u r e  locus i n  t e n s i l e  
t e s t i n g  TD N icke l  i s  the  g r a i n  boundary as shown i n  F igu re  14. The 
b r i t t l e n e s s  o f  t h e  m a t e r i a l  when loaded a t  r i g h t  angles t o  the  
g r a i n  boundaries i s  i nd i ca ted  by the  l o a d - d e f l e c t i o n  curve o f  
F i g u r e  12. Even though t h e  l o n g i t u d i n a l  t e s t  specimens d isp layed 
h i g h  e longa t ion  and reduc t i on  i n  area, i n d i c a t i n g  t h a t  i n d i v i d u a l  
g r a i n s  a r e  d u c t i l e ,  the  t ransverse t e s t s  revealed t h a t  a b r i t t l e  
t ype  o f  f a i l u r e  i s  produced by f a i l u r e  o f  t h e  g r a i n  boundaries. The 
d u c t i l e  na ture  o f  specimens p u l l e d  along the g r a i n  boundaries com- 
pared t o  the  b r i t t l e  behavior  o f  specimens con ta in ing  g ra ins  a t  an 
ang le  i s  c l e a r l y  shown i n  F igure 14. 
' .  
. The l o c a l i z e d  f a i l u r e  which occurs w i t h i n  g r a i n  boundaries 
was conv inc ing l y  demonstrated by the  micrographs o f  F igu re  19. 
F i g u r e  19 s'hows g r a i n  boundary c rack ing  a t  very  low s t r a i n s  f o r  the  












boundary s l i d i n g  was a l s o  found o n l y  f o r  specimens taken a t  o r i en -  
t a t i o n s  .other than l o n g i t u d i n a l .  
Since a columnar g r a i n  s t r u c t u r e  produces s t r e n g t h  and duc- 
t i l i t y  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  t h e  v a r i a t i o n  i n  t e n s i l e  
s t reng th  w i t h  r o l l i n g  d i r e c t i o n  may be understood i n  terms o f  t he  
r e c r y s t a l l i z e d  g r a i n  shapes produced. 
ob ta ined a f t e r  p r i o r  t ransverse r o l l i n g  a r e  no t  as elongated as t h e  
g r a i n s  ob ta ined a f t e r  p r i o r  l o n g i t u d i n a l  r o l l i n g ,  F igu re  14. Hence, 
The r e c r y s t a l l i z e d  g ra ins  
w i t h  more g ra ins  i n c l i n e d  t o  the s t ress  a x i s  t h e  s t reng th  and duc- 
t i l i t y  a r e  lowered. 
The low s t reng th  o f  as-extruded m a t e r i a l  and t ransverse  
specimens o f  commercial bar  may a l s o  be considered i n  terms o f  g r a i n  
boundary f a i l u r e .  Several f a c t o r s  suggest t h a t  t he  behavior  o f  
these f i n e  gra ined m a t e r i a l s  i s  t he  same as r e c r y s t a l l i z e d  ma te r ia l .  
One f a c t o r  i s  t he  h i g h  a c t i v a t i o n  energy which the coarse and f i n e  
I-  
I- 
g r a i n  m a t e r i a l s  have i n  common. Both m a t e r i a l s  a l s o  have i n t e r -  
c r y s t a l  1 i n e  f r a c t u r e s .  The f r a c t u r e  surfaces and the  o r i e n t a t i o n  o f  
i n t e r n a l  c rack ing  a l s o  i n d i c a t e  t h a t  f a i l i j r e  always occurs across 
t h e  g r a i n  d i r e c t i o n .  Support f o r  the concept o f  g r a i n  boundaries 
f a i l i n g  e a r l y  i n  the  t e n s i l e  process i s  prov ided by t h e  apparent 
lower ing  o f  t h e  modulus f o r  the low s t reng th  m a t e r i a l s  and o r ien -  
. t a t i o n .  Such a lower ing i s  probably due t o  small amounts o f  i n t e r -  
n a l  crack ing.  
Previous work has demonstrated t h a t  g r a i n  boundary s l i d i n g  
i s  a c t i v e  i n  commercial TD Nickel  bar  (12), and g r a i n  boundary 
I 
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s l i d i n g  w i t h  eventual  f r a c t u r e  has been proposed t o  account f o r  the  
lower ing o f  d u c t i  1 i t y  w i t h  increas ing t e s t  temperature i n  d i spe rs ion  
hai-dened aiioys. i n d i r e c t  evidence f o r  the  presence o f  g r a i n  boun- 
dary  s l i d i n g  i n  t h e  present work i s  prov ided by the  increase i n  duc- 
t i l i t y . w i t h  s t r a i n  r a t e  i n  Table 10, an e f f e c t  no.rmally associated 
w i t h  g r a i n  boundary f a i l u r e .  
To e x p l a i n  the  r e s u l t s  o f  the present  study i n  terms o f  
g r a i n  boundary f a i l u r e ;  the as-extruded mate r ia l  i s  i n  a r e l a t i v e l y  
weak c o n d i t i o n  because a l a rge  number o f  g r a i n  boundaries e x i s t  a t  
var ious  angles t o  the  app l i ed  s t ress ,  F igu re  1 .  
general  low s t reng th  l eve l ,  there i s  no grea t  d i r e c t i o n a l i t y  i n  
s t reng th  a l though the  transverse s t reng th  i s  s l i g h t l y  lower. Swa- 
Because o f  t h i s  I 
g i n g  pr0duces.a f i b e r e d  g r a i n  s t r u c t u r e  which i s  s t rong i n  t h e  l o n g i -  
t u d i n a l  d i r e c t i o n  bu t  s t i l l  weak i n  the  t ransverse d i rect ion.Re-  
c r y s t a l l i z a t i o n  w i l l  a l s o  increase the  l o n g i t u d i n a l  s t rength  of  as- 
extruded m a t e r i a l  bo th  by producing a l i gned  g r a i n  boundaries and by 
E i nc reas ing  the  g r a i n  s i z e  which reduces the o v e r a l l  g r a i n  boundary 
area. The r e l a t i v e l y  h i g h  t ransverse s t reng th  o f  t he  r e c r y s t a l l  
m a t e r i a l  i s  due t o  the  increased g r a i n  s i z e  which exposes a smal 
g r a i n  boundary area t o  t e n s i l e  s t ress .  The e f f e c t  o f  t o r s i o n  on 
s t r e n g t h  i s  t o  i n c l i n e  g r a i n  boundaries a t  an angle t o  the ax i s .  
zed 
e r  
The 




g r a i n s  w i t h  upset deformat ion.  
Al though the  p o i n t  has no t  been conc lus i ve l y  proven i n  the  




major  f a c t o r  i n  e l e v a t e d  temperature s t rengthen ing .  T h i s  conc lu -  
s i o n  i s  based on  t h e  h i g h  s t r e n g t h  o f  t h e  r e c r y s t a l l i z e d  s t r u c t u r e .  
The e l e v a t e d  temperature s t r e n g t h  was a l s o  i n s e n s i t i v e  t o  annea l ing  
a t  temperatures up t o  2500'F. However changes i n  room temperature 
s t r e n g t h  and hardness suggest t h a t  t h e  d i s l o c a t i o n  d e n s i t y  was 
lowered. F i n a l l y ,  t h e  c o l d  swaging o f  t h e  r e c r y s t a l l i z e d  s t r u c t u r e  
d i d  n o t  produce a p p r e c i a b l e  e leva ted  temperature s t rengthen ing .  
The d u c t i l i t y  observa t ions  may a l s o  be e x p l a i n e d  b y  g r a i n  
boundary f a i l u r e .  The d u c t i l i t y  o f  t h e  r e c r y s t a l l i z e d  m a t e r i a l  i s  
v e r y  much l i k e  a d i r e c t i o n a l l y  s o l i d i f i e d  n i c k e l  base s u p e r a l l o y ,  
d u c t i l e  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  b u t  b r i t t l e  i n  t h e  t ransverse .  
The t r u e  d u c t i l i t y  i n  the  low s t r e n g t h  c o n d i t i o n  o f  as-ext ruded o r  
commercial b a r  m a t e r i a l s  i s  probab ly  low, b u t  i n t e r n a l  c r a c k i n g  
leads  t o  a h i g h  measured value. The d i f f e r e n c e s  i n  measured duc- 
t i l i t y  o f  coarse and f i n e  gra ined m a t e r i a l s  i s  most l i k e l y  due t o  t h e  
d i f f e r e n c e s  i n  f r a c t u r e  path.  
W h i l e  t h e  f a i l u r e  process i n  e l e v a t e d  temperature t e n s i l e  
t e s t i n g  has been a t t r i b u t e d  t o  g r a i n  boundary f a i l u r e  and t h e  
s t r e n g t h  changes have c o r r e l a t e d  w i t h  t h e  o r i e n t a t i o n  o f  g r a i n  boun- 
d a r i e s  t o  t h e  s t r e s s  a x i s ,  i t  has n o t  been p o s s i b l e  t o  f o l l o w  t h e  
p r e c i s e  sequence o f  g r a i n  boundary f a i l u r e . '  Much more d e t a i l e d  
s t u d y  b y  b o t h  r e p l i c a  and t ransmiss ion  e l e c t r o n  microscopy w i l l  be 
r e q u i r e d  to  f o l l o w  t h e  f i n e  d e t a i l s  o f  t h e  process. However, i t  
has been e s t a b l i s h e d  t h a t  t h e  g r a i n  boundary i s  t h e  locus  o f  f a i l u r e  





opera t i ve .  i t  i s  known that i n t e r c r y s t a l l i n e  c rack ing  i s  f r e -  
quen t l y  produced by the g r a i n  boundary s l i d i n g  and tha t ,  i f  the 
I n t r i n s i c  i n t e r n a l  strength o f  the a l l o y  g ra ins  a re  h igh,  t h a t  
f a i l u r e  I S  almost completely by i n t e r g r a n u l a r  cracking. i t  I s  a l s o  
known t h a t  the tendency f o r  crack ing may be reduced by migra t i on  of 
the  g r a i n  boundary. The most l i k e l y  f a i l u r e  process I n  TD Nickel  
Is then a sequence o f  g ra in  boundary s l i d i n g  w i th  the e a r l y  produc- 
t i o n  o f  i n t e r c r y s t a l l i n e  crackfng. Beceuse o f  t he  p inn ing  e f f e c t  
of t h o r i a  on g r a l n  boundaries, no m i g r a t i o n  I s  p o s s i b l e  and the 
c rack ing  process continues u n t i l  f r ac tu re .  High s t reng th  I n  d is -  
p e r s i o n  hardened a l l o y s  i s  then p o s s i b l e  o n l y  w i t h  a s t r u c t u r e  
which does n o t  f a i l  prematurely i n  the g r a i n  boundary; 1.e. a st ruc-  
ture w i t h  boundaries p a r a l l e l  t o  the  a p p l i e d  stress. Any comparison 
of secondary v a r i a b l e s  whlch In f l uence  e levated temperature strength, 
such as I n t e r p a r t i c l e  spacing, must be performed w i t h  a comnon g r a i n  
s t ruc tu re .  - 
The presence of t h o r i a  p a r t i c l e s  i r r t h e  n i c k e l  m a t r i x  serves 
two func t i ons ,  i n t e r n a l  strengthenlng o f  the g r a l n  and r e t a r d i n g  
boundary movement. The In te rna l  s t rengthentng i s m t  l i k e l y  due t o  
d i r e c t  p a r t i c l e  i n t e r a c t i o n  w i t h  d i s l o c a t i o n s  r a t h e r  than i n d i r e c t  
i n t e r a c t i o n  v l a  d i s l o c a t i o n  tangles. The r e t a r d a t i o n  o f  g r a i n  boun- 
.dary movement r e s u l t s  I n  the s t a b i l i z a t i o n  o f  the s p e c i f i c  g r a i n  
morphology produced by mechanical working. 
t h e  combined presence of t h o r l a  p a r t i c l e s  and a f i b e r e d  g r a i n  shape 
will produce e x c e l l e n t  elevated temperature p roper t l es .  
I f  g r a l n  boundaries were loaded I n  shear, f a i l u r e  occurred a t  very  
low stresses. These r e s u l t s  I n d i c a t e  tha t ,  even w i t h  the  t h o r i a  
a d d i t i o n ,  t he  g r a i n  boundary s t reng th  I s  lower than t h e  s t rength 
w i t h i n  the  gra in .  U t i l i z a t i o n  o f  t he  s t rengthenlng e f f e c t  o f  
t h o r i a  p a r t i c l e s  was found o n l y  when premature g r a l n  boundary 
f a t  l u r e  was avoided through p r i o r  a i  ignment o f  g r a l n  boundaries by 
mechanical working. 





I NTRODUCTI ON 
The effect of a finely dispersed hard particle second phase 
on recrystallization has been the subject of investigations on both 
single and polycrystalline materials, and the results have been 
summarized by several authors (23,24). It is generally found that 
a finely dispersed phase will retard recrystallization although 
some exceptions have been noted. The recrystallization resistance 
i s  usually considered in terms of the particles interfering with 
normal nucleation and/or growth processes. The work of Brimhall 
and Huggins (25) on internally oxidized silver and aluminum a1 loys 
i s  of special interest because it points out that the as-worked 
dispersion hardened structure is different than the pure matrix 
. given comparable deformation. This observation suggests that the 
particles may play an active role in the development of a recrystal- 
lization resistant stru'cture rather than the more passiSe role of 
generally resisting boundary movement. It i s  the purpose of the 
present study to illustrate that recrystallization resistance in a 
commercial dispersion hardened alloy, TD Nickel, requires not only 
the presence of the dispersed phase but also a particular prior 
deformation history. 
TD Nickel, a DuPont product containing two volume percent 
thoria in a.nicke1 matrix, is a commercial diipersion hardened alloy 
useful for high temperature applications. Althaugh.the as-received 
cold worked bar will not recrystallize after one hour at 250OoF (5), 
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various subsequent working operations may produce one-hour-recrysta- 
lli'zation temperatures ranging from 840 F (almost the same as pure 
nickel) t o  above 2500°F (5,?2,?6) f z r  ccnparib!e percent reductions. 
The specific cold working operation employed appears to exert a 
strong influence on recrystallization behavior; in one instance 
cold swaging up to 75% did not lead to recrystallization while cold 
rolling reductions as low as 35% would recrystallize (5). Similar 
differences between swaging and rolling have been found for nickel 
0 
thoria alloys produced by mechanical mixing (27). The present 
study has examined the influence of working operation, working 
direction, and reduction upon the recrystallization behavior of 








The materials used were previously described in the 
. I  
I 
ALS section. Neither the as-extruded nor the commerc a1 TD 
bar would recrystallize after one hour at 240OOF. 
The cold working operations selected for the program were 
swaging and rolling. Samples of as-extruded material to be swaged 
were prepared by slitting a length of the extrusion into quarters 
and machining the quarters to one inch diameter. As-extruded and 
one inch commercial bars were then both cold swaged in passes of 
15% to a total reduction of 95% with lengths cut off at interme- 
diate reductions. .No intermediate stress reliefs were employed and 
neither bar showed a tendency for cracking during swaging. 
Rolling samples were sectioned to a common width from areas 
indicated in Figures 21 and 22. The faces were machined parallel 
to .250" thickness, and the surfaces ground on 240 grit metallo- 
graphic paper. The rolling, directions referred to as longitudinal,. 
transverse, and radial, have reference to the extrusion or bar axis. 
. .Longitudinal and transverse pieces were cold rolled through a 10" 
mill with the same side up and the same end into the rolls on each 
pass.. The radial pieces had the same side up but were rotated 90° 
clockwise each pass. 
w4th lubrication being used only above 8@? total reduction. A 
single sample was rolled to each reduction evaluated. No interme- 
diate stress relief treatments were used and severe cracking was 
encountered for the as-extruded material at total reductions i n  
Reductions were approximately 20% per pass 
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' excess o f  600/,. The commercial bar  s tock  r o l l e d  i n  the  t ransverse  
. .  
d i r e c t i o n  e x h i b i t e d  some s l i g h t  c rack ing  above 86% reduct ion.  I n  
a l l  cases s u f f i c i e n t  sound mate r ia l  was a v a i l a b l e  f o r  eva lua t ion .  
Meta l lograph ic  sect ions o f  a p lane normal t o  t h e  r o l l e d  
su r face  con ta in ing  an a x i s  p a r a l l e l  t o  the  o r i g i n a l  bar  o r  e x t r u s i o n  
d i r e c t i o n  were c u t  f rom the  center of each sample, and heat t r e a t e d  
- i n  a p la t i num wound tube furnace c o n t r o l l e d  t o  1. 5OF i n  an atmos- 
phere o f  f l o w i n g  argon. Because coarsening o f  t h o r i a  has been re-  
po r ted  i n  TD N icke l  above 245OoF (20), 240OoF was the  h ighes t  rec ry -  
s t a l l i z a t i o n  temperature employed. The percent  r e c r y s t a l l i z a t i o n  
was measured w i t h  a p lan imeter  f o r  rep resen ta t i ve  micrographs. 
Rockwell G hardness readings were taken on t h e  swaged samples and 
microhardness readings taken on sheet specimens. Reported micro-  
hardness readings a re  the  average o f  measurements o f  bo th  d iagonals  
* taken on a t  l e a s t  5 Vickers impressions loca ted  a t  t he  center  l i n e  
o f  t h e  sheet th ickness.  
' .  
Specimens were prepared f o r  t e x t u r e  de terminat ion  by  g r i n -  
d i n g  t o  t h e  center  of the sheet th ickness,  m e t a l l o g r a p h i c a l l y  poli- 
sh ing  through L inde A abrasive,  and e l e c t r o p o l i s h i n g  i n  a 10% H2S04- 
90% methanol so lu t i on .  Texture a t  t he  r o l l e d  sur face was measured 
a f t e r  a l i g h t  e l e c t r o p o l i s h .  Pole f i g u r e s  were obta ined i n  r e f l e c -  
t i o n  w i t h  a Nore lco p o l e  f i g u r e  dev ice us ing  copper K, r a d i a t i o n .  
The specimen area i r r a d i a t e d  was approx imate ly  , 0 4 0 " ~  .040". Wi th  
r e c e i v i n g  s ' l i t s  removed, defocusing losses were less  than lo"/, ou t  






The micrograph shown i n  F i g u r e  1 1  i l l u s t r a t e s  a s t r u c t u r e  
t y p i c a l  o f  a l l  p a r t i a l l y  r e c r y s t a l l i z e d  samples. The r e c r y s t a l -  
l i z e d  g r a i n s  were c h a r a c t e r i z e d  b y  a r e l a t i v e l y  l a r g e  (.OS mm x lmm) 
g r a i n  s i z e  and were e longated i n  t h e  i n i t i a l  b a r  or  e x t r u s i o n  d i r e c -  
t i o n  regard less  o f  t h e  d i r e c t i o n  o f  secondary working. The f i n e  
t w i n  s t r u c t u r e  p r e v i o u s l y  r e p o r t e d  f o r  t h i s  m a t e r i a l  (5,6,26) i s  
c o n t a i n e d  w i t h i n  t h e  r e c r y s t a l l i z e d  g r a i n s .  The dark  areas a r e  
r e g i o n s  o f  u n r e c r y s t a l l i z e d  m a t e r i a l  i n  which t h e  one m i c r o n  g r a i n  
s i z e  cannot b e  resolved.  The room temperature s t r e n g t h  and hard-  
ness of t h i s  s t r u c t u r e ,  t a b u l a t e d  i n  T a b l e  12, a r e  much lower  than 
for t h e  two s t a r t i n g  m a t e r i a l s .  
The degree o f  r e c r y s t a l l i z a t i o n  a f t e r  v a r i o u s  one hour  
a n n e a l i n g  temperatures i s  summarized i n  Tables 13 and 14 f o r  t h e  
v a r i o u s  r e d u c t i o n s  and work ing  o p e r a t i o n s .  The percent  r e c r y s t a l -  
l i z a t i o n  was,measured a t  t h e  c e n t r a l  p o r t i o n  o f  t h e  sheet t h i c k n e s s  
but,  except  where noted, was approx imate ly  t h e  same th roughout  t h e  
specimen. No r e c r y s t a l l i z a t i o n  was found f o r  any swaging r e d u c t i o n  
a f t e r  a 240OoF anneal ,  v e r i f y i n g  p r e v i o u s  observa t ions  t h a t  swaging 
r e d u c t i o n s  do n o t  f a v o r  r e c r y s t a l l i z a t i o n  (5). The presence o f  
r e c r y s t a l l i z a t i o n  a f t e r  r o l l i n g  depended b o t h  upon t h e  r o l l i n g  
d i r e c t i o n  and t h e  s t a r t i n g  m a t e r i a l .  The i n f l u e n c e  o f  r o l l i n g  
d i r e c t i o n  i s  evidenced most s t r o n g l y  fo r  commercial b a r  where 
specimens r o l l e d  i n  l o n g i t u d i n a l  passes would n o t  r e c r y s t a l l i z e ,  
w h i l e  specimens r o l l e d  i n  t ransverse  passes would r e c r y s t a l l i z e  a s  
I 
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low as 125OOF. 
m a t e r i a l  b u t  the  d i f fe rences  here a re  very  s l i g h t .  
A s i m i l a r  t rend may be present  f o r  the  as-extruded 
The commercial 
bar. ma te r ia l  would r e c r y s t a l  1 i ze o n l y  a f t e r  l a r g e  reduct ions when 
r o l l e d  i n  the  r a d i a l  d i r e c t i o n .  O f  the two d i f f e r e n t  s t a r t i n g  
ma te r ia l s ,  the  as-extruded mate r ia l  appeared more prone to recrys-  
t a l  1 ize.  
An unusual e f f e c t  i s  found a f t e r  l a r g e  reduct ions o f  the 
as-extruded mate r ia l s .  Whereas smal l  reduct ions l e d  t o  extens ive 
r e c r y s t a l l i z a t i o n ,  t he  very  l a rge  r o l l i n g  reduct ions served t o  pre-  
vent r e c r y s t a l l i z a t i o n .  This  re ta rda t i on ,  which was noted t o  
some ex ten t  f o r  a l l  t h r e e  r o l l i n g  d i r e c t i o n s  o f  as-extruded mat- 
e r i a l ,  always s t a r t e d  a t  t he  sheet surface. Typ ica l  behavior i s  
i l l u s t r a t e d  i n  F igure  23 which shows the  development o f  a recrys-  
t a l l i z a t i o n  r e s i s t a n t  s t ruc tu re .  Just  t he  reverse e f f e c t  was 
noted i n  the  r a d i a l  passes o f  commercial bar.  I n  t h i s  case, de for -  
mat ion o f  a r e c r y s t a l l i z a t i o n  r e s i s t a n t  s t r i i c t e r e  f i n a l l y  preduced 
r e c r y s t a  l i z a t i o n  which s ta r ted  a t  t h e  specimen surface. Speci- 
mens exh b i t i n g  a sur face  e f f e c t  a r e  noted i n  Tables 13 and 14 i n  
b rackets  i n d i c a t i n g  the  percent r e c r y s t a l l i z a t i o n  a t  t he  center ,  
sur face,  and the  o v e r a l l  average. 
Room temperature hardness values f o r  b o t h r o l l e d  and swaged 
specimens increased w i t h  increas ing percent  deformat ion,  up t o  the 
maximum reduct ions employed, even f o r  t he  samples which became 
ness e 
d i  r e c t  
r e s i s t a n t  t o  r e c r y s t a l l i z a t i o n .  No d i f f e rences  i n  a s - r o l l e d  hard- . .  
t h e r  between the  hardness values f o r  d i f f e r e n t  r o l l i n g  











cen te r  and surface, were found t o  account f o r  d i f f e rences  i n  recry -  
s t a l l i z a t i o n  temperature.' The hardness a f t e r  annealing c o r r e l a t e d  
w i t h  the  a m u n t  o f  rec rys ta ! ! I za t i on  w i t h  a f u l l y  r e c r y s t a l l i z e d  
s ' t ruc tu re  having a hardness o f  190-210 VHN and a p a r t i a l l y  recrys-  
t a l l i z e d  s t r u c t u r e  having a hardness of 230-210 VHN. The change 
i n  r e c r y s t a l l i z a t i o n  temperature w i t h  r o l l i n g  d i r e c t i o n  for  commer- 
c i a l  bar  i s  r e f l e c t e d  i n  the  hardness p l o t s  of Figure  24. The 
sharp drop i n  hardness a t  125OoF f o r  t h e  t ransverse r o l l i n g  d i rec -  
t i o n  i s  due t o  r e c r y s t a l l i z a t i o n .  O f  t he  remaining data p o i n t s  i n  
t h i s  f i g u r e ,  r e c r y s t a l l i z a t i o n  was found o n l y  f o r  t he  sample r o l l e d  
i n  t he  r a d i a l  d i r e c t i o n  and annealed a t  2400OF. The r e t a r d a t i o n  o f  
r e c r y s t a l l i z a t i o n  w i t h  increas ing r o l l i n g  reduct ions i s  i l l u s t r a t e d  
i n  F igu re  25 f o r  as-extruded mater ia l .  
l o n g i t u d i n a l  d i r e c t i o n  was almost completely r e c r y s t a l l i z e d  a f t e r  
one hour a t  240OoF w h i l e  mater ia l  r o l l e d  90"/0 reduc t ion  i n  the  same 
d i r e c t i o n  weuld not  r e c r y s t a l l i z e .  I n  l i k e  manner, ma te r ia l  r o l l e d  
o n l y  5V0 i n  r a d i a l  passes was almost completely r e c r y s t a l l i z e d  
Ma te r ia l  r o l l e d  5% i n  t h e  
* 
* .  
ed t o  9Wo reduc t i on  were o n l y  p a r t i a l l y  re-  w h i l e  specimens r o l  
c r y s t a l l i z e d .  
C rys ta l  lograph 
were determined us ing 
c tex tu res  o f  a l l  r o l l e d  and swaged samples 
a standard r e f l e c t i o n  method. The i n i t i a l  
f i b e r  . texture of the  two s t a r t i n g  ma te r ia l s  i s  shown i n  F igures 26 
and 27. The commercial bar  had a s t rong,  almost p e r f e c t ,  duplex 
t e x t u r e  c o n s i s t i n g  of [200] and c lg components w i t h  the  h a l f  
w i d t h  o f  the  c e n t r a l  (200) or ( 1 1 1 )  l i n e  approximately 6 . The 0 
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as-extruded material had a much weaker texture also containing 
c2007 and 
about '22'. 
filg components and a wide central half peak width of 
The texture changes which accompany the development of a 
recrystallization resistant structure in longitudinal rolling of 
as-extruded material are shown in Figures 28-30. At 37% a mild 
rolling texture has developed; at 74% the texture has become more 
' pronounced and at 90% still further sharpening has occurred. The 
texture shown in Figure 30 is common to rolling directions which 
displayed resistance to recrystallization, i.e. the longitudinal 
passes of commercial bar, Figure 31, and to a lesser degree the 
transverse passes of as-extruded material, Figure 32. The texture 
is not composed of a single ideal texture but may be approximated 
by a combination of (123) r41g and (146) Glg . 
taining an unrecrystallized surface layer, especially the longi- . 
In samples con- 
tudinal as-extruded passes, the texture at the surface was closer 
to Figure 30 than was the center. 
The extreme difference in recrystallization behavior between 
longitudinal and.transverse rolling of commercial bar is accompan- 
ied by a difference in as-rolled texture. 
verse rolling is close to an ideal (100) r O l g  , Figure 33, and is 
The texture after trans- 
.'not as sharp as the longitudinal texture. 
The textures developed by radial rolling are difficult to 
analyze, probably a result of the cross flow taking place upon 





f i b e r  t e x t u r e  bu t  successive r o l l i n g  passes tended t o  dest roy t h i s .  




The f i b e r  tex tu res  found a f t e r  var ious  swaging reduct ions 
a r e  l i s t e d  i n  Table 15. Specimens were p laced i n  the  po le  f i g u r e  
u n i t  and a l igned t o  reach maximum i n t e n s i t y  i n  the  f i b e r  d i r e c t i o n .  
A 1 scan of t he  c e n t r a l  peak was then made and the  maximum in ten -  
s i t y  and peak h a l f  w id th  a re  l i s t e d  i n  Table 15. The r e l a t i v e  pro-  
p o r t i o n  of ( 1 1 1 )  t o  (100) tex tu re  i s  l i s t e d  i n  Table 15. The 
t e x t u r e  sharpens apprec iab ly  from the  as-extruded c o n d i t i o n  p a r t i -  
c u l a r l y  a t  the  lower reductions. The mixed ali) @OO] f i b e r  com- 
ponents p e r s i s t  throughout the  deformation h i s t o r y  a l though t h e  
(1 11 )  increases w i t h  g rea ter  reductions. 
I 
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D I S C U S S  I ON 
The unique fea tu re  o f  the r e c r y s t a l l i z a t i o n  behavior o f  TD 
Nicke l  i s  the  r e l a t i v e  i n s e n s i t i v i t y  o f  t he  percent r e c r y s t a l l i z e d  
to the  percent  o f  deformation. Th is  e f f e c t  i s  most pronounced f o r  
as-extruded samples r o l l e d  i n  the l o n g i t u d i n a l  d i r e c t i o n  where the  
specimens g i ven  la rge r  reductions would no t  r e c r y s t a l l i z e  even 
though t h e  specimens g iven lower reduc t ions  r e c r y s t a l l i z e d  exten- 
s i v e l y .  The t rend i s  a l s o  noted i n  the  ext ruded- t ransverse 'and 
ex t ruded- rad ia l  sequences. The amount o f  r e c r y s t a l l i z a t i o n  does 
not f o l l o w  t h e  amount o f  s t r a i n  hardening s ince t h e  room temperature 
hardness of  a l l  sequences increased w i t h  inc reas ing  percent  reduc- 
t i o n .  
t h a t  i s  r e s i s t a n t  t o  r e c r y s t a l l i z a t i o n  i n  s p i t e  o f  a h igh  degree 
of  s t r a i n  hardening. The swaging process seems p a r t i c u l a r l y  e f fec -  
t i v e  i n  producing t h i s  r e c r y s t a l l i z a t i o n  r e s i s t a n t  s t ruc tu re .  The 
s t a b i l i z a t i o n  o f  s t r u c t u r e  i s  due completely t o  the  deformation , 
s ince  no in termediate anneals were employed. 
The deformat ion process has e v i d e n t l y  produced a s t r u c t u r e  
A p o t e n t i a l  mechanism f o r  the  r e t a r d a t i o n  o f  r e c r y s t a l l i -  
z a t i o n  w i t h  mechanical working may invo lve  t h e  as-worked c r y s t a l -  
l og raph ic  tex tu re .  V a r i a t i o n  i n  r e c r y s t a l l i z a t i o n  temperatures 
w i t h  t h e  t e x t u r e  o f  t he  as-deformed mate r ia l  has been f requen t l y  
repor ted  f o r  s i n g l e  c rys ta l s .  For example, s i n g l e  c r y s t a l s  o f  
copper and aluminum may be heav i l y  deformed wi-thout change i n  t h e i r  
i n i t i a l  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  and r e c r y s t a l l i z a t i o n  takes 
p l a c e  w i t h  g rea t  d i f f i c u l t y  i n  such c r y s t a l s  (29,30). Recrysta l -  
t 
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lization temperatures also vary with deformation texture in cold 
rolled silicon iron crystals (31,32) and in copper single crystals 
(32). These single crystal results have been reviewed recently by 
Hu (33) .  Deformation texture is also reported to affect recrystal- 
1 ization temperature and kinetics in polycrystals, copper (34,35) 
and iron (36) being two examples. The mechanism for the variation 
is not completely clear but has been discussed in terms of the 
specific texture produced (33) or the sharpness of the deformation 
texture (37) .  
Since texture so obviously influences the recrystallization 
temperature of single crystals, the lack o f  more extensive data on . 
polycrystalline materials is an obvious question. The probable 
reason for the lack of data i s  that in a random polycrystalline 
material, many grains are oriented for easy recrystallization and 
tke texture retardation is not produced until a highly perfect 
texture has been obtained. In the case of copper (34,35) and 
I iron (36), deformations of 96-9% were employed to achieve a high 
degree of texture. In cemmercial TD Nickel bar,a high degree of 
texture is present in the starting material because of the prior 
processing history and lack of recrystallization anneal. Any influ- 
ence of texture on recrystallization would then be noted at lower 
'reduct ions . 
I 
I FCC rolling textures are of two general types usually called 























d e f i n e  i n  terms o f  a s i n g l e  idea l  o r i e n t a t i o n  b u t  may be approx i -  
mated by (123) r412] o r  (123) c412]+ (146) &2115 (37). The brass ’ 
type i s  c iose  t o  a ( I I U ~  r r n \  L I I L J  f in7  L uuL _.. sometimes ccnt~Ins a (I!o) 
1009 minor’component. Pure n i cke l  sheet t ex tu res  a r e  o f  t he  
copper type (39,40). The tex tu re  o f  c o l d  r o l l e d  n icke l -2Fk  t h o r i a  
has a l s o  been repor ted  as copper type (40,27) bu t  t he  i dea l  o r i en -  
t a t i o n  i n  the  l a t t e r  i n v e s t i g a t i o n  was (135) [llg which i s  j u s t  
s l i g h t l y  o f f  t he  usual  des ignat ions f o r  a copper type tex tu re .  The 
a d d i t i o n  of t h o r i a  i s  repor ted t o  produce a more pronounced t e x t u r e  
a t  a g i ven  reduc t i on  than pure  n i c k e l  (40). 
ded to s t a b i l i z e  any p r i o r  t e x t u r e  w i t h  r o l l  ng reduc t ions  i n  
excess of  9% requ i red  t o  e l i m i n a t e  the  prev ous p a t t e r n  (27). 
Nicke l  r o l l e d  i n  l o n g i t u d i n a l  and t ransverse passes had a (110) 
 LOO^ t e x t u r e  (20). 
The t h o r i a  a l s o  ten- 
TO 
I n  t h e  present  study, the  a s - r o l l e d  sheet t e x t u r e  o f  sam- 
p l e s  which d i d  no t  r e c r y s t a l l i z e  a re  o f  t he  copper type. These 
samples i nc lude  t h e  l o n g i t u d i n a l  passes o f  commercial bar,Fi’gure 31, 
and l o n g i t u d i n a l  and t ransverse passes o f  as-extruded mate r ia l ,  
F igures  30 and 32. The sur face  o f  as-extruded specimens r o l l e d  i n  
‘ .  
t h e  l o n g i t u d i n a l  d i r e c t i o n  d i d  no t  r e c r y s t a l l i z e .  The t e x t u r e  of 
t h e  sur face  i s  c l o s e r  t o  the  copper type  t e x t u r e  than the  t e x t u r e  
of the .center ,  where r e c r y s t a l l i z a t i o n  occurred. Note t h a t  the  
t r a n s i t i o n  f rom the  f i b e r  t e x t u r e  t o  the  sheet t e x t u r e  requ i res  a 
minimum t e x t u r e  change f o r  the  commercial bar,  as i nd i ca ted  by 
comparison o f  F igures  26 and 31. Dur ing these r o l l i n g  passes 
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r e c r y s t a l l i z a t i o n  could no t  be produced. Conversely, the  i n i t i a l  
t e x t u r e  o f  t h e  as-extruded mater ia l  i s  weak and considerable re-  
adjustment i s  necessary t o  reach the  f i n a l  tex tu re .  These speci- 
mens r e c r y s t a l l i z e d  r e a d i l y  a t  the  low r o l l i n g  reduct ions.  The 
sample which had t h e  lowest r e c r y s t a l l i z a t i o n  temperature came 
f r o m  the  t ransverse r o l l i n g  o f  commercial bar  stock. Th is  t e x t u r e  
was a r e l a t i v e l y  weak (100) lOlg . 
FCC metals have duplex f i b e r  t e x t u r e  composed o f 0 1 3  and 
DOgcomponents. I n  pure n i cke l  thefiOgcomponent i s  found o n l y  a t  
low reduct ions w h i l e  thefilJcomponent predominates a t  h igher  de- 
formation. The repor ted percentage o f h 1 3  has been repor ted f r o m  . 
83 t o  lo!% (41,27,42). 
nent i s  no t  as e a s i l y  supressed, being repor ted a t  60% a f t e r  a 95% 
c o l d  drawing reduct i o n  (27). 
i r icrease w i t h  t h e  degree o f  working. 
in te rmed ia te  tex tu red  component i s  s i m i l a r  t o  r e s u l t s  f o r  r o l l i n g .  
It has been suggested 
c ross  s l i p  w i l l  s t a b i l i z e  t h e b o g t e x t u r e .  However, i t  has no t  
been es tab l i shed t h a t  t he  dispersed p a r t i c l e s  i n h i b i t  cross s l i p .  
The theory i s  a l s o  i n  disagreement w i t h  the  observa t ion  of ahO$ 
f i b e r  t e x t u r e  i n  aluminum, a mater ia l  i n  which cross s l i p  should 
occur  readi 1 y (44). 
I n  a n i cke l  t h o r i a  a l l o y ,  thefi0gcompo- 
However, t he  percentage o f  fi 1g does 
Th is  s t a b i l i z a t i o n  o f  an 
( 43) t h a t  processes which i n t e r f e r e  w i t h  
The t e x t u r e  o f  TD Nickel bar  has been repor ted as p r i m a r i l y  
[loa (45,20,12). The present work shows a mixed blq andLT0qtex ture  
f o r  t h e  commercial ba r  w i t h  an increase i n c l  g w i  t h  deformation. 
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ThebOO]component has been repor ted t o  increase s l i g h t l y  w i t h  
anneal i ng (27,40). The d i f fe rence i n  t e x t u r e  between the  present  
s tudy and prev ious  data may be due p a r t i a l l y  t o  measuring t h e  as- 
deformed tex tu re .  It i s  also poss ib le  t h a t  the  present  l o t  o f  
m a t e r i a l  was worked more which would a l s o  increase t h e p l j  compo- 
nent. 
The i n h i b i t i o n  of nuc lea t i on  i s  the  genera l l y  acknowledged 
mechanism f o r  t he  r e t a r d a t i o n  o f  r e c r y s t a l l i z a t i o n  (23) by a d i s -  
persed phase. The very  coarse r e c r y s t a l l i z e d  g r a i n  s i z e  repor ted 
f o r  SAP (46) and TD Nicke l  (20) and t h e  g r a i n  s i z e  found i n  t h e  
present  s tudy a r e  cons is ten t  w i th  t h i s  observat ion.  The d ispersed 
p a r t i c l e s  do appear t o  i n f l uence  growth, as evidenced by t h e  elon- 
gated r e c r y s t a l l i z e d  g r a i n  shape. S i m i l a r  g r a i n  shapes a r e  
observed i n  SAP (46) and i n  tungsten w i re .  
Two c u r r e n t  theor ies  o f  nuc lea t i on  a re  the  bu lge  theory by 
B a i l e y  and H i r sch  (47) and t h e  growth o r  coalescence o f  sub-grains 
advanced by L i  (48) and Hu (33). The bu lge  theory t r e a t s  t h e  
;. 
l o c a l i z e d  b u l g i n g  o f  a g r a i n  boundary f rom a reg ion  o f  low d i s l o -  
c a t i o n  d e n s i t y  t o  a reg ion  o f  h igh  d i s l o c a t i o n  dens i ty .  Th i s  
mechanism suggests t h a t  nuc lea t i on  i s  r e a l l y  an e a r l y  s tage o f  
growth. 
repo r ted  f o r  moderately deformed n i c k e l  (47). The growth o r  coa l -  
escence o f  sub-grains t r e a t s  the produc t ion  o f  nuc le i  f rom the  
Evidence f o r  t he  opera t ion  o f  t h e  bulge theory  has been 
movement of  low angle subgrain boundaries e i t h e r  w i t h  o r  w i thou t  









The retardation of nucleation by the production of a sharp 
texture i s  consistent with either theory. The bulge theory re- 
quires the movement of high angle grain boundaries. However, the 
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CONCLUSIONS 
... . . 
1 .  There Is no c o r r e l a t l e n  betweer! roo*. and e levi ted tempera- 
t u r e  s t reng th  o f  TD Nicke l .  The s t reng th  i s  c o n t r o l l e d  by d i f f e r -  
en t  processes a t  room and e levated temperatures w i t h  the  room 
temperature t e n s i l e  p r o p e r t i e s  be ing “normal” i n  response t o  
mechanical working and annealing. 
2. Cold swaging deformations produce s t rengthening a t  bo th  
room and e leva ted  temperatures. 
3. Upset fo rg ing  and p r i o r  room temperature t o r s i o n  lower 
t h e  e leva ted  temperature strength.  
4. A ‘ f u l  l y  r e c r y s t a l  1 i zed s t r u c t u r e  has very  h i g h  s t reng th  
a t  e leva ted  temperatures bu t  low s t reng th  a t  room temperature 
compared t o  the  f i n e  gra ined c o l d  worked s t a r t i n g  mater ia l .  
’ 5. High a c t i v a t i o n  energies, 2; - 5 times n i c k e l  s e l f -  
d i f f u s i o n ,  were found i n  t e n s i l e  t e s t i n g  o f  as-extruded, commercial ’ 
bar,  and r e c r y s t a l l i z e d  s t ruc tu res .  
6. R e c r y s t a l l i z e d  TD Nickel  f a i l s  by i n t e r c r y s t a l l i n e  
crack ing.  The f a i l u r e  process, which occurs a t  very  low s t r a i n s  i f  
g r a i n  boundaries a r e  no t  p a r a l l e l  t o  the  app 
a ser ious  l i m i t a t i o n  on strength.  
7. The data on f i n e  grained TD Nicke 
ied  s t ress,  c o n s t i t u t e s  
m a t e r i a l s  a l s o  f a i l  by g r a i n  boundary f a i l u r e .  
i n d i c a t e  t h a t  these 
. .  
-49- 
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8. I t i s  concluded t h a t  the  presence o f  g r a i n  boundaries 
p a r a l l e l  t o  the  app l ied  s t ress  i s  a necessary cond i t i on  f o r  eleva- 
t e d  temperature s t rengthening i n  d i spe rs ion  hardened a l loys .  
9. Add i t i ona l  strengthening through the  presence o f  a 
d i s l o c a t i o n  subs t ruc ture  or  f i n e r  i n t e r p a r t i c l e  spacing w i l l  be 
e f f e c t i v e  o n l y  i f  premature g ra in  boundary f a i l u r e  i s  avoided. 
10. R e c r y s t a l l i z a t i o n  i n  TD N icke l  i s  in f luenced more by 
t h e  s p e c i f i c  working opera t ion  and working d i r e c t i o n  than t h e  
degree of s t r a i n  hardening. 
11. R e c r y s t a l l i z a t i o n  could no t  be obtained a f t e r  swaging 
reduct ions o f  15 - 95%. 
12. R e c r y s t a l l i z a t i o n  f o r  a g iven  r o l l i n g  reduc t ion  va r ied  
' w i t h  , the r o l l  i n g  d i  rec t ion .  
13. Continued r o l l  ing deformation i n  one d i r e c t i o n  pro- 
duced a more r e c r y s t a l l i z a t i o n  r e s i s t a n t  s t r u c t u r e  i n  s p i t e  of 
increased s t r a i n  hardening. 
14. A s t r u c t u r e  r e s i s t a n t  t o  r e c r y s t a l l i z a t i o n  always had 
. . a sharp c r y s t a l l o g r a p h i c  texture. 
15. The presence of a sharp t e x t u r e  i s  cons is ten t  w i t h  
the  i n h i b i t i o n  o f  nuc lea t i on  by e i t h e r  of the  two cur ren t  
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M a t e r i a  1 Cond i ti on 
comme r c  i a 1 ba r -L  
commercial b a r  T 
as-ex t  ruded L 
as-ext ruded T 
comme r c  i a 1 ba r- L 
comme r c  i a 1 ba r 
45O t o  b a r  a x i s  
, commercial barTT 
as -ex t r u  ded- L 
as-extruded-T 
TABLE 2 
BASE L'INE TENSILE PROPERTIES 
\I *._ r . r 1 * : - - . +  I i e l d  u I L I ilia LS 
S t r e n g t h ( p s i )  T e n s i l e  Red. i n  
0 . 2 8 0 f f s e t  S t rength  (ps i ) Area% % E l  ongat i o n  
90 , 600 
83 , 600 
, 92,100 
90 , 000 
14,700 
12,400 






3 , 240 













































specimen damaged and c o u l d  n o t  measure J- - ..  
specimen gage = .080" x ,400" 







EFFECT OF ELEVATED TEMPERATURE EXPOSURE ON TENSILE PROPERTIES 
Y i e l d  U1 t imate  
St rength  (ps i ) Tens i 1 e Red. i n  
M a t e r i a l  Cond i t ion  0.2% O f f s e t  S t reng th (ps i )  Area% %Elongat ion 
comrne r c  i a 1 ba r 18,650 
18,700 
cornme r c  i a 1 bar  17,300 
cornmerc i a 1 bar 18,700 
+ 1 /2300°F 
+ 1 /2500°F 
as-ext ruded;: 3,840 
3,850 
. 
as-ex t ruded 
+ 1 /23OO0F 
3,400 
Prop . 
L i m i t  
cornmerc i a 1 bar  42,000 85,500 
40,500 86,000 
commercia 1 bar  77,000 
78,100 
+1 /23OO0F 
comme r c  i a 1 ba r 74,900 
+1 /2500°F 












































.._ . f 
as-ext  ruded 
+ 1 /2300°F 
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J; .080" x .400" gage section and .005"/ 
specimen gage = 160'' x 1.25" 





. I  
. I  









EFFECT' OF COLD SWAG I NG O i l  2000°F TENS I LE PROPERT I E S  









OF AS-EXTRUDED TD N I C K E L  
Y i e l d  U1 t imate 
St rength  (ps i ) 
0.2% Of f se t  St renght  (p: i )  

















1 g ,000 
19,200 
























t specimen damaged and cou ld  no t  measure 
specimen gage = .08O1' x .40O1' 
crosshead speed = .005'l/min 







... . EFFECT OF. COLD SWAGING ON 200OoF TENSILE PROPERTIES 
OF 1" COMMERCIAL TD NICKEL BAR 
Y i e l d  Ul t imate 
Swag i ng Strength(psi)  Tens i le  Red.in 







18,650 1g,ooo 5.9 4.8 
18,700 19,300 5.3 8.3 
19,400 



















* specimen damaged and could not 
. measure 
specimen gage . l l 3 "  xl.25" 
crosshead speed = .020" / min 
I 




. .  .,. . . 
EFFECT OF UPSET FORGING ON 200OoF TENSILE PROPERTIES 
OF 1" COMMERCIAL TD NICKEL BAR 
Y i e l d  U1 t imate 
St rength  ( p s  i) Tens i l e  Red. i n  
M a t e r i a l '  Cond i t ion  0.2% O f f s e t  S t r e n g t h ( p s i )  A-rea % 
commercial 1" bar  L 
T 
upset  15% RT L 
T 
upset  35% RT ' L 
T 
upset  50% RT L 
























3 , 730 




3 , 500 
3 , 350 
15,200 
14,200 




3 , 880 
3,930 

























































I '  
I 
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TABLE 6 (continued) 
upset 50% 1500O~ L 3,580 4 
3,630 4 
T 3,170 4 
3,730 4 
upset 50% 200OoF L 3,050 
T 3,150 
3,340 










J; specimen damaged and could not measure 
specimen gage .080:' x .400:' 











.. . * EFFEC.T OF PRIOR TORSIONAL STRAIN ON 2OOO0F 
TENSILE PROPERTIES OF COMMERCIAL TD NICKEL BAR 
Yie ld  U1 t imate 
Strength(psi) Tensi le Red.in 
I' 
I Mater ia l  Condition 0.2%0ffset Strength (ps i ) Area% %Elongation 
15,700 18,400 3 4.9 commercial bar I 16,500 17,500 3.4 a t  
commercial bar 
tw is ted  120' 
c o m r c  i a 1 bar 
tw is ted  240° 
commerc i a 1 bar 
tw is ted  120° 6 
untwisted 120 
14,300 15,800 2.1 5.7 
11,800 13,100 . 8.2 2 -7  
15,800 17,600 5 7 
15,500 18,000 6.4 5.5 
* specimen damaged and could not 
measure 
gage sect ion .173 x .850i6 























... . . 
200OoF TENS I LE PROPERT I ES OF RECRYSTALL I ZED TD N I CKEL 
Y i e l d  U l t i m a t e  
S t r e n g t h  (ps i) Tens i 1 e Red. i n  
M a t e r i a l  C o n d i t i o n  0.2% O f f s e t  S t r e n g t h ( p s i )  Area % 
as-ext ruded + L 15,250 
1 /25OO0F 
(50-702 r e -  11,000 
4 5 O  7,700 




. as-ext ruded + L 19,400 
rol ledo51% L + 
1/2400 F (100% re-  18,800 
c r y s t a l  1 ized) '  
60' 19,150 
T 
as-ex t ruded + L 
r o l l e d  50% ( r o l l i n g  
i n  L,T o r  
b o t h  d i  r g c t  ions 
+ 1/2400 F a l l  t e s t  
L t o  e x t r u s i o n  a x i s  
(100% r e c r y s t a l  1 i zed)  










































* .113" x ,750" gage s e c t i o n  and .OIO1'/min 
crosshead speed 

























EFFECT OF COLD WORK ON 20OOOF TENS I LE PROPERTI E S  
OF RECiiYSTAii i ZED iD N i CiXL 
Yield U1 timate 
Strength(psi) Tensile Red. in 
litaterial Condition 0.2% Offset Strength(psi) Area % % Elongation 
recrystal 1 ized 19,200 19,600 13 6 . 6  
rolled 47% in 18,900 19;500 18.3 5.2 
longitudinal 
direction + 
1 /24OO0F) s: 
(as-extruded and 
recrystal 1 ized 









1 1  
* gage section .113" x !.25 and .020"/rnin 
crosshead speed 




. .  
TENSILE PROPERTIES OF TD NICKEL 
Y i e l d  U1 t imate 
Test  Red. i n  
Temp. F Speed(in/rnin.) 0.2% Of fse t  S t r e n g t h ( p s i )  Area % 
St rength (ps i ) Tens i 1 e 











































4,580 4 9 740 22 
39 
45 
2,800 3,500 14 
3,400 3,760 40 
4,230 4,300 53 
2.060 3,000 1 1  
2,830 3,280 38 
3,370 3,670 59 
r e c r y s t a l  1 ized (as-extruded + r o l l e d  
47% + 1/23OO0F) 
20,500 21,200 
21,200 22,100 







commercial bar + 1/23000F 
20,800 21,200 



















































* broke getting out o f  grip 















TABLE 1 1  
ACT1 VAT I ON ENERG I E S  AT 200OoF DETERMI NED BY TENS I LE TEST I NG 




D i f feren t I a 1 
r e c r y s t a l  1 ized Conventional 
(as-ext  ruded + 
r o l  ledo47% + 
1/2300 F)  D i f fe ren t  i a1 
commercial bar  + . Convent iona 1 









- -  







- N  ln 
c - 









0 0  o m  
h .h 
0 0  m l n  
c o N  






c o -  
- 3 - 3  
0 E m  





Reduct ion (%) 
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TABLE 13 
RECRYSTALLIZATION I N  AS-EXTRUDED TO NICKEL' 














% Recrystal l ized 
230OoF 200OoF -
Longitudinal Pass 
91 25 0 
97 . 99 30 
99 99 1 1  
97(0) (80) IOO(0) (80) 16 
Transverse Pass 
100 85 0 
98 65 1 
95 90 5 
95 95 25 
lOO(50)  bo) ** 80(0) (60) 2 
lOO(0) (80) lOO(0) (60) 0 
Radial Pass 
21 95 5 
34 ,95 30 
57 90 85 
70 60 30 




















* E % recrys ta l l i zed  a t  surface 
** = % recrys ta l l i zed  overa l l  
t 
Roll ing 



























TABLE 14 . 
RECRYSTALLIZATION IN COMMERCIAL T D  NICKEL 
BAR AFTER ONE HOUR HEAT TREATMENTS 
% Recrystallized 









0 0 0 r) 9 
99 97 25 2 0 
103 100 80 52 5 
100 100 95 95 0 
100 100 100 100 0 
100 100 100 100 0 
Radial Pass 
0 0 0 
0 ' 0  0 
2 0 0 
Swaging Reduction(%) 
240OoF 
* = % recrystallized at surface 




o m  .. . . o w  
4-N K 
0- a, 
\ K  
. .- 
+I- El 
m -  0 
T - V  
Y- 
O -  
+I 
+I c e- 
-0 -- l- 
e- -I 
3 b  
- 0  
Y - 0  - 00 
m N - 
x- 




+ I C  
U 7 - I  
C n  











w c  





m -  
I- 








Q -  
+I- 
c -  




























c n -  cn - 
L n \ o ’ L n  \D 
. .  
L n  Ln 
c n N  Cw Ln 
c \ l N  c\l ol 

























. .  





F i g u r e  2.  U p t i c a l  and E l e c t r o n  M i c r o s t r u c t u r e  o f  Corn- 
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1 oox 
Une tc hed 
Figure 4. Internal Cracking of As-Extruded TD.Nicke1 After 
2C)OOOF ?ens i 1 e Test. 
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Figure  5 .  F rac ture  Surface o f  Coffmercial TD Nickel Bar Tested 
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Figure 10. Internal Cracking Found After 200OoF Tensile Test 
of Sample Upset 50% at Room Temperature. 
-81- 
F i g u r e  
\ 
1 oox 
1 .  T y p i c a l  Recrys ta l  1 i z e d  M i c r o s t r u c t u r e  (As-Extruded + 
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Une tc hed 
Grain Boundary Sliding on Surface of Recrystallized 
Specimen Tested to 0.2% Offset Yield Stress at 6C0 















Figure 22. Pieces Sectioned For Rolling From Commercial One Inch 
TD Nickel Bar 
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Figure  29. Pole Figure of As-Extruded TD Nickel Rolled 74X i n  
Longi tudinal  Direction. 
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f l O N  
D I S  
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A X I S  
ec r io  
\ 
I 
Figure 30. Pole F igure  of As-Extruded TO Nickel Rolled 90% i n  
Longitudinal Direction. 
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-Figure 32.  Pole Figure of As-Extruded TO Nickel Rolled 88"L i n  






Figure 3 3 .  Pole Figure o f  Commercial TD Nickel Bar Rolled 87% i n  
Transverse Direction. 
